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Abstract
Protein folding is a process of molecular self-assembly in which a linear chain of
amino acids assembles into a dened, functional three-dimensional structure. The
process of folding is a thermally driven diusive search on a free-energy landscape in
the conformational space for the minimal-energy structure. During that process, the
free energy of the system does not always show a monotonic decrease; instead, sub-
optimal compensation of enthalpy and entropy change during each folding step leads
to formation of folding free-energy barriers. However, these barriers, and associated
high-energy transition states, that contain key information about mechanisms of
protein folding, are kinetically inaccessible. To reveal the barrier-formation process
and structural characteristics of transition states, proteins are employed that fold
via barrierless paths { so-called downhill folders. Due to the low folding barriers, the
key folding interactions become accessible, yielding insights about the rate-limiting
folding events.
Here, I compared the folding dynamics of three dierent variants of a lambda
repressor fragment, containing amino acids 6 to 85: a two-state folder WT (Y22W)
and two downhill-like folding variants, YA (Y22W/Q33Y/G46,48A) and HA (Y22W/
Q33H/G46,48A). To access the kinetics and structural dynamics, single-molecule
optical tweezers with submillisecond and nanometer resolution were used. I found
that force perturbation slowed down the microsecond kinetics of downhill folders
to a millisecond time-scale, making it accessible to single-molecule studies. Inter-
estingly, under load, the downhill-like variants of lambda repressor appeared as
cooperative two-state folders with signicantly dierent folding kinetics and force
dependence. The three protein variants displayed a highly compliant behaviour un-
der load. Model-free reconstruction of free-energy landscapes allowed us to directly
resolve the ne details of the transformation of the two-state folding path into a
downhill-like path. The eect of single mutations on protein stability, transition
state formation and conformational heterogeneity of folding and unfolding states
was observed.
Noteworthy, our results demonstrate, that despite the ultrafast folding time in
a range of 2 s, the studied variants fold and unfold in a cooperative process via
residual barriers, suggesting that much faster folding rate constants are required to
reach the full-downhill limit.
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Part I
Theoretical background

Chapter 1
Introduction
Proteins are the major actors in the cell. They carry out a vast array of functions in-
cluding replication, signal transduction, transport, catalyzing reactions in cells and
sensing the environment. Being synthesised as linear chain, most of them sponta-
neously self-assemble into a specic functional 3D structure. This process is termed
protein folding and described as a diusion on the multidimensional free-energy
landscape. On their folding path proteins have to overcome at least one barrier
that is assumed to result from sub-optimal compensation of enthalpy and entropy
change at every folding moment. Thus, the energy barriers contain key information
for achieving a comprehensive understanding of the mechanisms of protein folding.
Signicant eorts have been made to understand the formation of barriers as
well as the structural characteristics of the associated high energy transition states.
A widely used approach is to reduce the folding barrier in model proteins by point
mutations to increase the population at the barrier top, aiming to directly observe
rate-limiting events. Some of these proteins showed no signicant barriers and were
consequently termed downhill folders. Yet, it remains elusive how their energy
landscape looks like, and it is challenging to track the evolution of the transition
state due to the ultra-fast folding rate of downhill folders.
In this thesis, the following questions will be addressed:
 Can we directly observe the folding of ultrafast-folding proteins?
 How does the energy landscape of a downhill folding protein look like?
 Can we resolve the transformation of a two-state energy landscape to a down-
hill folding landscape by point mutations?
 Can we identify the eect of a single mutation on the protein folding energy
landscape?
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Thesis Outline
This thesis is divided into two major parts. In the rst part, I provide background
information. In Chapter 2 protein folding theory is introduced and the concept of
downhill folding is discussed; this is followed by a presentation of the protein of in-
terest, the lambda repressor fragment 6 85, that can be mutated from a two-state
folder to a downhill folder. As the details of that transition is the focus of this
thesis, some structural and kinetic information about wild-type WT and its two
downhill-like folding variants YA and HA are presented. In Chapter 3, the mea-
surement protocols used during the force-spectroscopy experiments are provided and
the theoretical models necessary for the data analysis are introduced in Chapter 4.
The second part summarizes and discusses the research results. In order to con-
duct reliable experiments, the novel strategy for the construction of protein-DNA
hybrids for optical tweezers sample assembly was developed (Chapter 5). As the next
step, the mechanical properties { unfolding and refolding forces and the states pop-
ulated during force-induced stretching { are revealed for the three protein variants
(Chapter 6). Chapter 7 provides a complete kinetic and energetic characterization of
WT and its two downhill-like folding variants YA and HA, relying on equilibrium
optical tweezers experiments. A detailed investigation of the folding energy land-
scapes is presented in Chapter 8. Finally, Chapter 9 discusses the experimentally
observed folding of downhill folders in comparison to the two-state folder, including
an outlook to further experiments.
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Chapter 2
Protein folding: the downhill
scenario
2.1 Protein folding as a diusion on a multidimen-
sional energy landscape
The early classical experiments of Annsen showed that a protein can spontaneously
fold into a thermodynamically stable structure in vitro and thus all the necessary
information for the three-dimensional fold must be incorporated in the amino acid
sequence [1]. At rst, the protein folding process was considered in combinatorial
terms, which led to the Levinthal's paradox [2]. Thus, combinatorial approach
predicted the folding time of 1027 years for a small protein of 101 amino acids1,
while in reality proteins fold on millisecond to minutes time scales. The discrepancy
between real and theoretical time scales of folding has arisen from the assumption
of Levinthal's argument that all conformations were considered to be equally likely
in the path from the unfolded to the folded state. This obvious discrepancy pushed
to the formulation of an improved model { a funnel free energy landscape model {
in which the protein conformations with lower free energy were regarded to be more
likely than those with higher free energy [3].
The free-energy landscape model of folding, based on polymer physics concept,
denes the protein folding process as a stochastic search for the native structure
on the multidimensional energy landscape with an overall funnelled shape. The
decreasing of the free energy G(x) of the next conformation acts as a driving force
(Figure 2.1). The protein folds via a specied pathway where the next step/state is
1Let's say, each bond connecting amino acids can have three possible states, so that a protein
of 101 amino acids could exist in 3100 = 5  1047 congurations. If a protein is able to sample new
congurations at the rate of 1013 per second, or 3 1020 per year, it will take 1027 years to try them
all.
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to a certain extent \predetermined" by the previous state.
The folding pathway actually contains all important information to decipher the
protein folding mechanism. Hence, it is highly desirable to be able to view as much
as possible from the energy landscape or folding pathway.
Figure 2.1: Protein folding energy landscape. The broad top of the funnel (landscape)
depicts an ensemble of starting conformations present in the soluble unfolded state U; the
needle-like point at the bottom represents the unique native, folded structure F. Each
point on the funnel surface represents a specic possible conformation of the polypeptide
chain with the corresponding free energy value.
The folding landscape is often depicted as the free energy G of the reaction
coordinate x, where
G(x) = H(x)  TS(x) (2.1)
in which T is the absolute temperature, H(x) = Hprot(x) + Hwater(x) and
S(x) = Sprot(x)+Swater(x) are the enthalpy and entropy change of the \protein-
in-water" system, respectively. The formation of favourable contacts, the concurrent
acquisition of more compact conformation while folding and release of water cage
around the protein cause the decrease of enthalpy (H(x) < 0) and the increase
of entropy (S(x) > 0) of \protein-in-water" system2. Therefore, according to the
equation (2.1) above, the global free energy G(x) is minimised3.
2The increase of overall entropy of \protein-in-water" system S(x) > 0 is often the case
during the protein folding. This happens when the magnitude of Sprot(x) (< 0, due to the
formation of more compact conformation) is smaller than Swater(x) (> 0, due to the release of
\caged" water into bulk water).
3In general, there are three conditions under which proteins can fold favorably (G(x) < 0):
(1) When H(x) > 0, S(x) > 0 and S(x) > H(x), the folding process is driven largely by
entropy. (2) When H(x) < 0, S(x) < 0 and jS(x)j< jH(x)j, the folding process is driven
6
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Important to note, that the global minimization of protein free energy during
the folding does not mean that the local free energy of every residue in the protein is
getting minimized as well. This eect is called frustration. The frustration leads to
the existence of folding barriers and \traps" (long-lived non-native states of relatively
low energy). The longer the protein sequence, the more likely are unfavourable
frustrating interactions, slowing down the folding. And vice versa, a shorter protein
sequence can avoid frustration and fold fast.
According to theoretical estimations, if the frustration is perfectly eliminated, the
protein can fold as fast as N/100 s, where N is the length of its amino acid sequence
[4]. Interestingly enough, with the development of experimental techniques with high
temporal resolution, proteins that fold on a microsecond time scale, were actually
discovered. As they fold within a speed limit (thus, without any energetic frustration
along the folding pathway), those proteins were termed as downhill folders. The next
section is dedicated to the properties of such downhill folding proteins.
2.2 Downhill folding proteins
2.2.1 Thermodynamic description of downhill folders
The folded state F of a protein is energetically preferred to the unfolded state U.
The unstructured polypeptide collapses to the native folded state following a cer-
tain folding path on the energy landscape, occasionally overcoming a high energy
transition state (TS), (also dened with y), as it is shown in Figure 2.1. Upon a
folding step, the global free energy G(x) of the \protein-in-water" system might
not decrease monotonically, but the sub-optimal compensation of enthalpy and en-
tropy change can occur, giving rise to the barrier. However, when the cancellation
of enthalpic and entropic contributions to the free energy during the folding process
is nearly perfect, no signicant barrier (more than several kBT ) appears along the
folding reaction coordinate [3], and the downhill folding takes place.
Two dierent types of downhill folding can be identied depending on the height
of the remaining barrier. Incipient downhill folders have surplus barrier of about
1{3 kBT ; if the barrier is less then 1 kBT { the proteins are termed as one-state
downhill folders [5]. The mentioned criteria distinguish the proteins based on the
population at the barrier top.
Indeed, in agreement with Boltzmann relation, the barrier height of 3 kBT cor-
responds to a P  5% Boltzmann population at the barrier top; for the 1 kBT
barrier, the population at the barrier top exceeds 25% (P = exp ( G=RT )=,
where  is the partition function). The signicant amount of population on the bar-
largely by enthalpy. And, (3) when H(x) < 0 and S(x) > 0, the folding process is driven by
both enthalpy and entropy (the case, mentioned in the main text).
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rier top during downhill folding condition theoretically allows a direct observation
and characterization of subpopulations of partly folded conformations that belong
to a transition state ensemble, thus providing insights into the elementary events of
folding.
2.2.2 Identication criteria for downhill folders
Many examples of downhill protein folding have been seen experimentally and by
molecular dynamics simulation. Downhill folding has so far been suggested for
the miniprotein oxoglutarate dehydrogenase multienzyme complex BBL [6], dimeric
yeast transcription factor GCN4 [7] , villin headpiece subdomain [8, 9], human ubiq-
uitin [10], WW domain [11], gpW [12] and some variants of -repressor [13, 14, 15].
However, the studying/observation of downhill folding is still coupled with some
technical challenges and the major problem remains how to unambiguously diagnose
downhill folding. Early attempts focused on kinetics criteria like the protein folding
rate should approach the estimated speed limit of about (N=100) s (where N is
a number of residues) [4]. Another kinetic selection criteria was the observation of
non-exponential kinetics with a very fast microsecond component [16, 5, 17].
The later analysis performed by Munoz revealed that a gradual unfolding of
downhills results in structurally complex equilibrium unfolding. Thus, if dierent
probes { e.g., for local structure, for global structure and for end-to-end distance
{ monitor dierent sets of conformations, the folding process can be termed as
downhill [18].
Various studies revealed unique properties of downhill folders: ultrafast (un-)
folding speed (approaching the folding speed limit), high thermodynamic stability
and minimal cooperativity. Interestingly enough, those properties were found to be
correlated with each other:
1. The cooperativity is inversely proportional to the fraction of local interactions.
Thus, high fraction of local interactions for dowhills (more than 33% of total
contact amount) is inferring marginal cooperativity of folding [19].
2. The (un-)folding cooperativity of the protein is related to its folding speed.
According to Naganathan A.N. et al., microsecond folding proteins are all
marginal cooperative and downhill folders [20]. The marginal cooperativity
of fast folding proteins has been also recently conrmed by long-timescale
molecular dynamics (MD) simulations on 10-s-folding proteins [21].
3. The relative stability of folded and unfolded states is connected with the co-
operativity of the transition. The increased thermodynamic stability G0 of
protein by stabilisation of the folded state, or destabilization of the unfolded
one can cause a switch from a cooperative two-state process to a one-state
gradual transition (see Figure 2.4, [19]).
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However, the \necessary and sucient" criterion for an accurate identication
of downhill folders has not been formulated so far.
2.3 Lambda repressor as a model system for study-
ing downhill folding
Most of downhill folding proteins, identied so far (see section 2.2.2), are downhill
by nature { in particular, some fractions of a bigger protein are luckily found to
be downhill like. Among them is the -repressor fragment. This protein is of a
great interest since single point mutations allow the change from two-state folding
mechanism to downhill. That feature turns a -repressor fragment into a promising
model system for identifying the important interaction/physical reasons leading to
downhill folding. This section is dedicated to the background information regarding
wild-type -repressor fragment and its full-length protein of origin, as well as the
downhill folding variants of -repressor fragment.
The rst natural protein discovered to fold in less than a millisecond (about
200 s) is the N-terminal segment of the bacteriophage  cI transcription repressor
[22].
The full length protein of origin,  cI repressor is a transcription inhibitor of
bacteriophage Lambda that is responsible for maintaining the lysogenic life cycle
of phage Lambda. This is achieved when two full-length repressor dimers bind
cooperatively to adjacent operator sites on the deoxyribonucleic acid (DNA). The
cooperative binding induces repression of the cro gene and simultaneous activation
of the cI gene [23]. Figure 2.2 shows the structural model of  repressor cI protein
dimer complex with DNA (Protein Data Bank (PDB) code 3BDN).
The  cI repressor homodimer is composed of two identical polypeptide chains
of 236 amino acid residues (green and blue monomers on Figure 2.2). The monomer
consists of the two structurally distinct domains { C-terminal and N-terminal do-
mains { that are connected by a short polypeptide chain containing a cleavage-
sensitive region. The N-Terminal domain is responsible for the DNA-binding char-
acter of the protein; in contrast, the C-Terminal domain is integral in formation
of the functional homodimer, cooperative-binding repression, and the auto-cleavage
mechanism [23].
The  repressor N-terminal fragment has been the focus of fast-folding studies
because of its high stability and tolerance to mutations [24, 25, 26]. The domain
studied by Sauer et al. had 92 residues [24]. Later, this was whittled down to an 80-
residue ve-helix bundle { a wild-type lambda-repressor fragment, containing amino
acids 6 to 85 (6 85) { by Oas and co-workers, and shown to have similar structure
9
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Figure 2.2: Structural model of the  repressor cI protein dimer complex with DNA.
The two  cI repressor monomers are coloured in green and blue. The red highlights the
fragment 6 85. Double-stranded DNA is depicted in dark grey.
as the full N-terminal domain [22, 27], but faster folding times.
2.3.1 Wild-type lambda repressor fragment 6 85
Wild type -repressor fragment, found to fold on 200 s time-scale, is a ve-helix
bundle protein that consists of 80 amino acids (aa) residues. The native structure of
this fragment from X-ray crystallography is shown in red on Figure 2.2 and alone,
zoomed-in on Figure 2.3.
The ve -helices are arranged in a non-symmetric pattern. The native state
contains a major hydrophobic core formed by helices 1, 2, 3, and, partially, 4
and a small hydrophobic patch between the N-terminus of helix 4 and helix 5
(see Figure 2.3).
Namely, the side chains of hydrophobic residues between Leu-18 and Leu-69
form the main hydrophobic core (Figure 2.3, light yellow). The hydrophobic patch,
in turn, is formed by the side chains of hydrophobic residues of helices 4 and 5,
including Ala-59, Ala-62, Ala-63, Ile-80, Ala-81, and Ile-84 (Figure 2.3, light orange).
The fth helix, being responsible for the dimerization of the full cI protein, is
truncated at residue 85 to prevent unwanted dimerization, and therefore is thought
to lack its helical structure according to refolding simulations using CHARMM22 [28].
Dynamic nuclear magnetic resonance (NMR) experiments showed that native
6 85 fragment folds via two-state model without any detectable intermediates [22]
and the extrapolated to 0 M urea folding and unfolding rates of 6 85 fragment are
4900 600 s 1 and 30 5 s 1, respectively [27].
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Figure 2.3: Structural model of 6 85. (A) The main hydrophobic core is highlighted
in orange, hydrophobic patch { light blue. PDB le for the structure is 1LMB. (B) The
mutation Y22W for pseudo wild-type protein WT is shown in red.
2.3.2 Acceleration of 6 85 folding by specic point muta-
tions
The fragment 6 85 of original lambda repressor protein was found to fold on 200 s
time-scale in a two-state manner [27].
Remarkably, already one mutation Tyr22 ! Trp (Y22W) speeded up folding by
one order of magnitude. The mutation Y22W did not alter the overall protein sec-
ondary structure (shown in red on Figure 2.3B), and the pseudo wild-type protein {
6 85 fragment with Y22W mutation (WT) { folded in 32 s still via two-state
manner. The pseudo wild-type protein is used in the all studies in the thesis and
further termed as WT (the exact sequence can be found in the Appendix B).
A large number of variants exist for the -repressor that cover a wide range of
stabilities and folding rates (see table 2.1). The variants were engineered in specic
way to push protein folding rate to the speed limit and to get into downhill folding
regime.
The concept of rational design to get a downhill folding protein can be clearly
seen from the Figure 2.4. To tune two-state system into close-to-downhill folding,
the mutations should either 1) stabilize the folded state (decrease its free energy), 2)
destabilize the unfolded state (increase its free energy) or 3) stabilize the transition
state { or any combination of this actions.
In biochemical terms that means increasing of thermodynamic stability of protein
by replacing functional residues with ones favoring more stable secondary structure;
creating a bigger/stronger hydrophobic core by introducing residues with higher hy-
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drophobicity; introducing shorter, more rigid loops connecting secondary structure
elements, while avoiding non-native contacts, e.g., from salt bridges [15].
According to above mentioned principles, a huge range of fast-folding variants
(see table 2.1) was constructed by several research groups { Sauer's, Oas's and
Gruebele's groups, who performed extensive experimental characterisation of wild-
type protein and its fast-folding variants of -repressor. The used experimental
technique included: NMR- and circular dichroism (CD) experiments [22], stopped-
ow methods [29], laser-induced temperature jump experiments [17, 30, 31, 13, 15],
theoretically (using variational approach to calculate the free energy proles and
characterize the transition state ensembles under the assumption of ignoring non-
native contacts) [32, 33] and computationally using both a Go-like potential [34, 35]
and an implicit solvent model [36]. Millisecond time-scale equilibrium molecular
dynamics (MD) simulations of -repressor in explicit solvent were also achieved
[37, 38].
Figure 2.4: General principles how to tune two-state system into close-to-downhill folding
system. Adapted from [39].
Extensive experimental bulk studies, conducted for several decades, allowed to
reveal possible molecular mechanism of speeding up folding by certain mutations:
1. the 22Trp-33Tyr pair from Tyr22Trp (Y22W) and Gln33Tyr (Q33Y) muta-
tions introduces an aromatic interaction that speeds up folding;
2. the substitution of Gly(G) to Ala(A) increases helix 3 formation propensity
in unfolded state, which might be the result of reduced conformation exibility
of A in comparison to G. On top, G46/48A mutations signicantly alters the
transition state structure, making it more compact in comparison to WT.
This was seen by the decrease of fractional change in solvent accessibility of
protein upon moving from the native state to the transition state relative to
the change of solvent accessibility upon total unfolding [27]. At the same time,
these mutations has little eect on the solvent accessibility of the folded and
unfolded state;
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3. the S45A and S79A mutations also speed up folding and increase the helix
propensity in helices 3 and 5, respectively;
4. mutation Asp14Ala removes a hydrogen bond between positions 14 and 77
and by that speeds up folding [40];
5. mutations Ala37Gly and Ala49Gly act oppositely { they slow down the folding
speed, decrease helix propensity and enhance exibility in helices 2 and 3,
respectively.
Mutations Tm [
C] Tmax [C] a [s]
Wild type (WT) 61 58 34
Q33Y G46A G48A (YA) 71 61 20
Q33H G46A G48A (HA) 68 45 2.5
G46A G48A 67.5 57 24
D14A Q33H G46A G48A 73.5 80 10
Q33Y S45A G46A G48A S79A 70.5 61 23
Q33Y S45A G46A G48A 69.5 61 23
D14A Q33Y A37G S45A G46A G48A A49G 62.5 55 28
A37G A49G 47 46 82
Q33Y A37G 59.5 55 44
A37G G46A G48A A49G 56 55 47.5
Table 2.1: The set of commonly studied fast-folding and slow-folding variants of the lambda
repressor fragment 6 85. All sequences, including wild type, have the mutation Y22W.
Adapted from [41]. The parameters presented in the table are: melting temperature Tm,
the temperature Tmax at which the minimum activated relaxation time a occurs and the
folding time of activated phase itself a (regarding more information on those parameters
see the next section 2.3.3)
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2.3.3 The incipient-downhill YA and downhill HA variants
The variants used in current study are the 6 85 fragment with Y22W, Q33Y, G46A
and G48A mutations (YA) and the 6 85 fragment with Y22W, Q33H, G46A and
G48A mutations (HA) (Figure 2.5 and table 2.1; the full sequences are presented
in the Appendix B).
Figure 2.5: Structural model of (A) YA and (B) HA. The main hydrophobic core
is highlighted in orange. The mutation Y22W is shown in red, G46/48A { in violet.
The variants are named under their specic mutations { Q33Y (cyan) for YA and Q33H
(green) for HA.
While the pseudo-wild type  repressor fragment WT was found to fold via two-
state mechanism (see chapter 2.3.1), laser-temperature jumps detected by uores-
cence and infrared spectroscopy revealed interesting features of the folding kinetics
of several fast-folding -repressor variants.
In particular, some fast folding variants revealed double-exponential (double-
phase) kinetics: \slow" phase with relaxation time < 20 s and an additional  1 
2 s \fast" phase [17]. The observed phases were termed as \activated" a and
\molecular" m phase, respectively. Interestingly, the smaller of the activated phase
a of a certain variant was (the faster that variant was folding), the bigger the
amplitude of molecular m phase was [31]. For the fastest-folding variant, the two
phases became indistinguishable, and this variant was folding within 2.3 s [15],
approaching a theoretical speed limit of 0.8 s for 80-residue long protein [4].
The double-phase relaxation kinetic was considered as a sign of a downhill or
incipient-downhill folding landscape. The slow phase a was attributed to a usual
cooperative barrier crossing in the Kramers two-state scenario (Figure 2.6). The fast
phase m was referred to the existence of a signicant preactivated subpopulation on
the low (judging from small a) barrier top that reacted exactly on the m timescale.
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Figure 2.6: The possible origin of a and m relaxation times. The energy landscape is
depicted in black, the detectable protein populations { in grey. Orange and green arrows
illustrate the observed transitions, that depend on the height of energy barrier. Adapted
from [5].
The rst variant, demonstrating double-exponential kinetics, was YA with the
activated rate coecient ka = 5104 s 1 and molecular rate coecient km = 5105 s 1
[31]. The kinetics with only the fast rate ka = km = (2:3 s)
 1 was observed for
the HA variant. Thus HA is the fastest-folding lambda repressor variant to date.
Interestingly, the mutation Q33H does not signicantly perturb the overall protein
secondary structure (and helix propensity) and has no eect on thermal stability
(its melting point is around 68C { the same as for the one of Y22W/G46A/G48A
variant), although speeds up folding by an order of magnitude.
The scenario, proposed in Figure 2.6, is just a possible explanation of the unusual
T-jump data for the mentioned fast folding variants. However, the direct observation
of the energy landscape of those incipient downhill and downhill variants was not
yet possible, as well as the detection of partially folded subpopulations, due to
the limited resolution of experimental techniques of choice in earlier studies. From
the simulation side, a variety of methodologies from all-atom MD simulations to
coarse-grain models (see table 2.2) was used to identify the folding mechanisms on
 repressor and its variants. However, it appears challenging to identify the exact
folding steps [42].
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2.4 Single-molecule techniques as a promising tool
for probing downhill folding dynamics
The single-molecule methods can become of great importance here, as they are able
to directly distinguish, due to the high temporal and structural resolution, between
a scenario in which each molecule is either fully unfolded/folded (barrier-crossing
folding) and a scenario in which individual molecules show gradual unfolding (global
downhill folding).
Indeed, in the last few years, single-molecule methods, such as single-molecule
Forster resonance energy transfer (smFRET) and single-molecule force spectroscopy,
have provided important insight into protein-folding mechanisms due to their capa-
bility to follow individual molecules on their way from the unfolded to the folded
state. Namely, two-dimensional uorescence lifetime correlation spectroscopy re-
vealed the inhomogeneity of the native and unfolded states of the B domain of
protein A [46]; the dynamics of barrier crossing was probed by smFRET [47], and
the transition pathways during folding were directly observed by single-molecule op-
tical tweezers assay [48, 49]. Multiple heterogeneous pathways during folding of a
simple two-state protein were revealed using single-molecule force spectroscopy [50].
smFRET shed the light on intrinsic properties of unfolded and intrinsically disor-
dered proteins [51], while single-molecule force-spectroscopy clearly distinguished
the properties of native folding versus misfolding and deciphered fundamental dif-
ferences in the dynamics for misfolding [52]. Of particular interest are the abilities of
single-molecule optical tweezers to provide real-time recordings of multistate protein-
folding networks with sensitivity for states populated as little as 0:01% [53] and to
directly record the ultrafast conformational kinetics [54], reported recently.
This all makes single-molecule techniques, and in particular, single-molecule force
spectroscopy with optical tweezers, a technique of choice for studying the dynamics
of downhill folders and their intrinsic properties, their folding pathways and under-
lying energy landscapes.
In this thesis, the following questions will be addressed:
 Can the (un-)folding of a downhill protein be directly observed by means of
force spectroscopy?
 Are downhill folding proteins mechanically stable or do they gradually melt
under force?
 Which residues are involved in the formation of folding barriers in lambda
repressor fragment?
17
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 Can a single mutation signicantly alter conformational heterogeneity of folded
and/or unfolded states?
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Single-molecule protein folding
with optical tweezers
The current chapter presents working principles of optical tweezers, the set-up out-
line and describes experimental protocols that were used during the current work.
3.1 Optical tweezers
First demonstrated over 20 years ago, optical tweezers have become an established
tool in research elds ranging from material science to biophysics and cell biology.
Optical tweezers have been used to trap dielectric beads, viruses, bacteria, living cells
[55, 56], organelles, small metal particles, and even strands of DNA. The Angstrom
spatial and millisecond time resolution of optical tweezers technique has made them
the tool of choice to study the folding of nucleic acids and proteins [57, 58], the elastic
and mechanical properties of individual macromolecules (DNA, actin, titin etc.) [59,
60] and activity of molecular motors (ribonucleic acid (RNA) polymerase, kinesin
etc.) [61].
3.1.1 Working principle of optical tweezers
A qualitative view of trapping a bead in the ray-optics approximation is shown in
Figure 3.1. At the surface of the bead, the laser light is partially reected and
refracted, which changes its momentum, and thus gives origin to trapping forces.
Upon incidence on the rst surface (red rays a and b on Figure 3.1A), part of the
light is reected (or absorbed; rays a' and b'), leading to a transfer of momentum
from light to the bead in accordance with the momentum conservation law. Thus,
according to Newton's second law ~F = d~p=dt, the scattering force Fscattering appears,
acting on the bead in the direction of the ray propagation. In turn, the refraction
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of light on the rst and second bead surfaces (green rays a and b Figure 3.1A)
results, again due to Newton's second law, in a restoring force acting in the opposite
direction. This restoring force cancels out the scattering force, and the net force
acts towards the centre of the focused laser beam, which causes stable trapping of
the bead in direction position in the focus.
Figure 3.1: The principle of optical trapping. Schematic representation of a bead trapped
in a highly focused laser beam in a relaxed (A) and a deected (B) position. (C) Force
(upper panel) exerted on a bead deected by xbead from the trap center. The lower panel
shows the corresponding potential . Green area marks the linear region where the trap
is usually operated, red { the non-linear region. The form of potential in a green region
can be approximated with parabolic shape.
Trapping in the lateral plane is mainly connected with the gaussian distribution
of intensity in the highly focused trapping laser beam (Figure 3.1B). Because the
ray (2) has higher intensity (and thus carries more momentum) than the ray (1),
the net force points in the direction of higher laser intensity (here { to the right, see
Figure 3.1B). Thus, a perturbation to the left causes a rightward-directed restoring
force towards the trap's center. The same happens if the bead is moved away from
the focus in other directions in the lateral plane. Thus, a focused laser beam forms
an optical trap in 3D, where a steep lateral intensity gradient assures stable bead
trapping.
For small displacements of the bead from the trap center, the bead can be treated
as trapped in a harmonic potential  (Figure 3.1C). An optical trap therefore re-
sembles a Hookean spring in the limit of small bead displacements. There, the force
is approximately linearly dependent on the displacement of the bead from the trap
center with the proportionality constant equal to the spring constant (trap stiness).
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3.1.2 The optical tweezers setup
For the experiments, the commercially available JPK optical tweezers platform, the
NanoTracker, mounted on a Nikon inverted optical microscope was used. The
trapping was performed using a 1064 nm laser, that ensure minimized interaction
with biological matter. The two traps were generated by splitting of the laser ray
into two perpendicularly polarized beams { two traps { by the beam splitter (Figure
3.2). To spatially separate two traps, one beam was shifted relative to the second
one with the piezo mirror, before the trapping objective the beams were combined
again. The laser light was coupled into the microscope by using a high numerical
aperture 63x trapping objective (NA = 1.2). The use of a water immersion trapping
objective gave a quasi-constant trap stiness over dierent focal depths and allowed
performing the experiments deep in the solution to ensure decoupling of the sample
from the surface vibrations. The position of the bead was monitored using quadrant
photodiodes (QPD).
Figure 3.2: Schematic representation of the Nanotracker optical tweezers setup.
Traps were calibrated with the technique reported by Tolic-Nrrelykke et al.
[62]. The trap stinesses were determined with an error of approximately 20% and
varied between dierent experiments from 0.05 to 0.25 pN/nm. Data were acquired
at a sampling rate of 50 kHz. For data analysis, the dierence of both bead signals
was calculated after the experiment in order to increase the signal to noise ratio [63].
The recorded signals were corrected for the proximity of the beams.
The technical notes regarding the spatial and temporal resolution of commercial
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optical tweezers platform NanoTracker are available on the company's web-site1.
Being ne-tuned, the set-up used in the current work was able to detect 2 nm
stepwise movement of a surface-immobilized bead through the trap focus. With the
eective trap stiness of 0:04 0:08 pN/nm used during the work, that gives a force
resolution of 0:10   0:16 pN for dual-trap assay. On short measurement times (up
to 6 s), the uctuations of signal amplitude were less than 1 nm, however long-term
measurements were occasionally aected by non-periodic low-frequency uctuations
with an average frequency of 0:2 Hz and an amplitude of 5  6 nm, originated most
likely from air uctuations or laser instability.
3.2 The dumbbell assay
The dual beam design of the optical tweezers setup enabled us to use a dumbbell
geometry for force application as shown in Figure 3.3. Using long (310 nm, or
913 bp, each) double-stranded DNA (dsDNA) handles, a single protein of inter-
est was tethered between two functionalized silica beads, giving the characteristic
dumbbell shape to the stretched bead-DNA-protein-DNA-bead construct.
Figure 3.3: Dumbbell shaped bead-DNA-protein-DNA-bead construct used in dual beam
optical tweezers experiments. The DNA is bound to the protein via DBCO-maleimide
linker and through biotin and digoxygenin to the appropriately functionalyzed beads.
The DNA handles were used to separate the protein-of-interest (POI) from the
bead surface and the trapping lasers, to minimize sticking to the bead surface as
well as heating and photochemical damage of the POI. For the current study the
N-C-terminal pulling geometry was chosen. The POI was anked by two ubiquitin
molecules with N- and C-terminal solvent-exposed and reactive cysteines. The ubiq-
uitins serve as spacer molecules to prevent direct reaction of the terminal cysteines
within one protein during construct production. The terminal cysteines were used
for DNA-handle coupling. Because ubiquitin domains are mechanically very stable
[64, 65], they do not unfold at the exerted force range of 0 to 15 pN and, thus, do
not interfere during the single-molecule mechanical measurements.
1Technical notes are available via http://www.jpk.com/index.233.en.html.
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For a successful construct formation, one protein had to bind two long double
stranded DNA handle molecules. In order to increase the eciency of construct
formation, the formation of dumbbell construct was divided in two steps (Figure 3.3):
1) coupling short single-stranded DNA (ssDNA) oligos to the protein via terminating
cysteines and 2) following hybridization of the protein-oligo conjugates to dsDNA
handles containing a single-stranded DNA overhang. The strategy of coupling short
single stranded DNA oligos to the protein via terminating cysteines was modied
from the generally used in the eld and is described in details in Chapter 5.
Double stranded DNA molecules were produced by polymerase chain reaction
(PCR) on a lambda phage template. The forward primers were functionalized with
biotin or triple-digoxigenin, while the reverse primers contained an abasic site that
caused the polymerase to fall o and a single stranded DNA overhang remained.
Finally, this overhang was hybridized to the protein-coupled DNA oligos, which
resulted in the complete DNA-protein-DNA construct. The protein-DNA constructs
were incubated with silica beads (2 m diameter, Bangs Laboratories, Inc.), in-house
functionalized with covalently bound anti-digoxigenin Fab fragments (Roche). These
bead-attached constructs were diluted in the experiment buer2 and subsequently
mixed with streptavidin-coated silica beads (1 m diameter, Bangs Laboratories,
Inc.). Protein-DNA chimera concentration was adjusted to only sparsely cover the
beads leading mainly to single tether formation. To create a dumbbell geometry, the
biotin-functionalized end of protein-DNA construct needed to be attached to 1 m
streptavidin silica bead (see Figure 3.3).
3.3 Measurement protocols
Two types of experimental protocols were used throughout the whole thesis { con-
stant velocity pulling and constant trap separation experiments.
3.3.1 Constant-velocity experiments
Constant-velocity pulling experiments are useful for assessing the force range for
folding and unfolding of the molecular system under study. In a typical constant-
velocity experiment, the mobile trap is retracted from the xed trap with a constant
velocity, in our experiments typically 200 nm/s. The force generated by the trap
separation stretches the DNA and destabilizes the protein, that nally leads to its
unfolding when the external pulling force exceeds the internal forces stabilising the
protein structure. The unfolding is characterised by an increase of a contour length
2Experiment buer: 50 mM NaH2PO4/Na2HPO4, 250 mM NaCl, 26 U/ml glucose oxidase,
17 000 U/ml catalase, 0.1% (w/v) D-glucose, pH 7.0
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Lc of the tethered construct upon unfolding, and a decrease of the applied force
due to relaxation of beads in the traps.
Figure 3.4: Example of force-extension curves (FECs) of a constant-velocity experiment.
The refolding force-extension curve (dark red) is shifted relative to the unfolding curve
(orange) for better visualisation.
From the contour length increase, the number of amino acids released upon the
unfolding transition can be obtained. Usually, after unfolding of the POI, the traps
are approached again, followed by multiple subsequent \stretch-and-relax" cycles.
3.3.2 Constant-trap-distance experiments (equilibrium ex-
periments)
In constant trap separation experiments the two trap centres are held at a constant
distance, thus applying a quasi constant force load to the dumbbell. When the force
is chosen to be in an unfolding force range, the spontaneous transitions of protein
between folded and unfolded state can be observed. At these conditions, the free
energy dierence between the states is almost zero, and thus the transitions are
driven by the thermal energy uctuations. Due to the contour length change of
the molecular construct upon unfolding of the POI and the coupled relaxation of
the beads in the trap potentials, the detected force for the unfolded state is lower
compared to the one for folded state.
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The near-constant-force experiments are more benecial to use for high precision
force spectroscopy experiments than a constant-force experiments. In constant-force
experiments, a feedback loop has a limited response time of typically longer than
1 ms and thus the applied force cannot be held constant during a sub-ms timescale
event. Since the relevant transition rates of biological systems are just within the
same ms timescale, constant-force experiments can themselves disturb the biological
system and alter its behaviour, leading to artefacts.
During the constant-trap-separation experiments both beads are positioned in
the linear regime of the trapping potential (green area in Figure 3.1C). This provides
high spatial and temporal resolution.
In Figure 3.5 the time traces of a constant trap separation experiment at dierent
pulling forces are shown. At forces where both the folded and unfolded states are
populated, \hopping" of the protein between these states occurs, manifested as
abrupt length changes. Here, a two-step folding case is shown, where the upper
state coloured in grey represents the unfolded protein with a larger extension and
the lower state in green represents the folded state with lower molecular extension
(see Figure 3.5). With increasing the force (from low to high), the population
probability is shifted from a predominantly folded population to a predominantly
unfolded population.
Such \hopping" traces were further quantitatively analysed with signal-pair cor-
relation analysis ([53], presented in Section 4.3), to derive the population probabil-
ities and interconversion rate constants between the states, from which equilibrium
free energy dierences are calculated. To extract kinetic and equilibrium parameters
of the system at zero force load, all elastic contributions from the trap as well as
the DNA and protein spacers have to be considered. The corresponding theoretical
models are described in the next Chapter 4.2).
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Figure 3.5: Three sample traces of a constant-trap-distance experiments showing the load
dependence of the probability to nd a molecule in the folded or unfolded state. The black
traces are moving-average ltered with a time window of 5 ms with the Chung-Kennedy
algorithm [66].
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Theory and analysis of
single-molecule trajectories
The current chapter summarizes theoretical models and approaches, used in the
thesis for analysing single-molecule data.
In a dumbbell-assay optical tweezers experiment, a system of \trapped beads and
the molecular construct" (see Figure 3.3) is in thermodynamic equilibrium. Thus,
the whole system can therefore equally be treated instead of a \bead-DNA-protein-
DNA-bead" picture in a reduced \bead-DNA-protein" picture. Here, only one trap
with the eective stiness ke = (1=k1 + 1=k2)
 1, where k1;2 are the stinesses of
each traps, and only one DNA linker with length L = L1 + L2 is involved. The
eective bead displacement x(F ) includes then both bead displacements.
4.1 Polymer elasticity models
The shape of the force-extension curve recorded during the constant velocity exper-
iments can be reproduced with a model describing the elasticity of the DNA-protein
chain. For the low force regime, where the protein is still folded, the elastic be-
haviour of DNA handles is purely entropic and can be described with a worm-like
chain (WLC) model [67]. In this model, the force is given by
FDNA(DNA) =
kBT
Lp;DNA
0B@ 1
4

1  DNA
LDNA
2   14 + DNALDNA
1CA (4.1)
with persistence length Lp;DNA, contour length LDNA, extension DNA, Boltzmann
constant kB and temperature T . The t yielded persistence lengths of approximately
20 nm for the contour length of 620 nm (two dsDNA handles 310 nm each).
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The elastic properties of the polypeptide part were modelled also using the worm-
like chain model:
Fprot(prot) =
kBT
Lp;prot
0B@ 1
4

1  prot
Lprot
2   14 + protLprot
1CA (4.2)
with persistence length Lp;prot set to 0.5 nm, contour length Lprot, and extension
prot.
Upon force-induced unfolding of the protein, a exible polypeptide chain is added
to the compliance of the DNA construct. Thus a combined (hybrid) worm-like chain
model was used. As the two mechanical parts consisting of dsDNA and unfolded
polypeptide were in series, the extension of the full linker consisting of dsDNA and
unfolded polypeptide was given by:
construct(F ) = DNA(F ) + prot(F ) (4.3)
where DNA and prot were calculated using equations (4.1) and (4.2). The inverse
of equation (4.3) yielded the force on the construct as a function of length of the
unfolded polypeptide and total extension Fconstruct(prot; DNA).
For all investigated proteins the contour length changes were determined through
the contour length dierence between the tted WLC models for DNA-only and
DNA+protein. The expected theoretical contour length increase was calculated by
subtracting the distance between N- and C- terminus in the folded state from the
contour length of fully stretched polypeptide. Contributions of folded part were
measured from the crystal structure 6 85 (PDB ID: 1LMB). The contour length
of unstructured amino acid sequence was calculated by multiplying the average
contour length per amino acid of 3.65 A by the number of residues [68] (for detailed
calculation see Chapter 5).
4.2 Equilibrium free energies of protein folding in
optical tweezers
In the most general case, the free energy of the full dumbbell system consists of
the energies of trapped beads, the DNA linker molecule, the folded protein and the
unfolded polypeptide. At a certain force Fi, when the protein is in state i, it is given
by
Gi(Fi) = G
0
i +G
beads(Fi) +G
linker(Fi) +G
protein(Fi): (4.4)
In this description, G0i is the free energy of the protein in state i. Further,
Gbeads(F ) = 1
2
kx2(F ) is the (Hookean) energy stored in the displacement x of the
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beads from their centers; Glinker is the entropic energy of the stretched DNA linker
and Gprotein is the energy stored in the stretched unfolded polypeptide. Glinker and
Gprotein can be calculated as integrals over two WLCs curves (equations (4.1) and
(4.2)), respectively:
Glinker(F ) =
Z DNA(F )
0
FDNA(x
0)dx0 (4.5)
Gprotein(F ) =
Z prot(F )
0
Fprot(y
0)dy0 (4.6)
As the probabilities being in a certain state are related to energies according to
the Boltzmann equation:
Pj(Fj)
Pi(Fi)
= exp

 Gij(Fi; Fj)
kBT

= exp
 
 G
0
ij + G
device
ij (Fi; Fj)
kBT
!
(4.7)
one can obtain the free energy dierence between protein states i and j using the
fractions of protein in each state and knowing the parameters of the linker and traps.
4.3 Signal-pair correlation analysis
During equilibrium experiments the investigated protein uctuates between vari-
ous folding states (at least two, see Figure 3.5). To identify the transition rates
between dierent protein states, the signal-pair correlation analysis was used [53].
The method is able to determine the wide range of transition rates and exact kinetic
schemes of multi-state systems and shows sensitivity for states populated as little
as 0.01%.
The analysis is based on correlations of signal discrete ranges associated with
dierent states. The recorded signal (e.g., extension) is split into discrete ranges as-
sociated with the dierent conformational states, and the time correlations between
all pairs of ranges (\signal pairs") are calculated. Further the specic kinetic mod-
els (e.g., 2- or 3- state system) are tested by tting all calculated cross-correlations
with the functions derived for a given kinetic scheme. By repeating the ts for all
possible schemes, the correct scheme can be validated empirically via the smallest
deviation between data and the t, and the associated rates determined.
Analysis of equilibrium stretching data using this method is described in details
in chapter 7.2.
4.4 Force dependence of transition rate constants
Since force in the described assay functions as a denaturant, the transition rate
constants crucially depend on the applied force. In order to extract information
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about the folding mechanism and determine force-free folding and unfolding rate
constants, models are needed. Here I will shortly describe the models used in this
study.
4.4.1 Zero-load extrapolation of rates: the Berkemeier-Schlierf
model
For determination of folding rate constants at zero force, the model introduced by
Schlierf et al. [69] was used. It is more elaborate than the often-used Bell model [70],
as it accounts for the energetic contribution for stretching the linker and displacing
the beads from their positions upon a folding transition.
Let's consider a one-dimensional energy landscape along the reaction coordinate
x that is tilted by a potential x F when an external force F is applied (see Figure
4.1). During the folding process the protein has to overcome a certain energy barrier
when contracting from the initial unfolded state U to the transition state TS.
Figure 4.1: The eect of an external force on an energy landscape. An energy landscape
for a two-state system is shown at a low force (dashed line) and at a high force (solid line).
An increasing force tilts the energy landscape to an extent, where the unfolded state U
lies lower than the folded state F. This also results in an increased unfolding rate kFU and
a decreased folding rate kUF. xf and xu are the distances to the transition state from
U and F states, respectively.
The additional activation energy under force consists of the contributions dis-
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cussed in Section 4.2:
GU TS = Gbeads(FU; FTS) + Glinker(FU; FTS) + G
protein
U (FU; FTS): (4.8)
FU and FTS denote the forces acting on the construct at the unfolded state U
and the transition state TS, respectively. The protein length change associated with
a transition from U to TS denes the transition state distance, measured in contour
length, to which the system has to contract before folding over the barrier occurs.
Thus, the transition rate constant in this model is given by:
kUF(F ) = k
0
UF  exp

 GU TS(FU; FTS)
kBT

(4.9)
with k0UF being the folding rate constant at zero load used as a t parameter. The
dierence in energy between the initial state U and the transition state GU TS
is given by equation (4.8). Most parameters, such as the contour lengths of the
folded and unfolded states, and the forces involved, are known. The only free (t)
parameters are the zero-force rate constant k0UF and L = Lprot   LTS , the length
the unfolded polypeptide has to contract in order to reach the transition state.
4.4.2 Detailed balance for unfolding and refolding data
Equilibrium processes follow the principle of detailed balance. Since in single-
molecule optical tweezers experiments in the constant-trap-separation mode the
folded state F and the unfolded state U are in equilibrium, the principle of detailed
balance can be applied to describe the kinetics there.
So, the equilibrium between states F and U is illustrated by F
kFU
kUF
U; the
equilibrium probabilities PF and PU to nd a system in state F or U are related to
the transition rates as:
PFkFU = PUkUF: (4.10)
If the free energy dierence between F and U states GUF and the folding rate
kUF are known, one can calculate the reverse (unfolding) rate kFU using equation
(4.10) and the Boltzmann relation (4.7):
kFU = kUF  exp ( GUF=kBT ): (4.11)
Thus, according to the equations (4.10) and (4.11), the model for reverse (unfold-
ing) transition is already predetermined, if the model for forward (folding) transition
has been chosen. In this work I used the model introduced by Schlierf et al. [69]
and a detailed balance principle for global tting both folding and unfolding rates.
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4.5 Direct measurement of the energy landscape
via deconvolution
To obtain a more detailed view of the energy landscape of lambda repressor, we
used deconvolution force spectroscopy [57]. In an optical tweezers experiment, the
actual protein extension histograms are blurred by a Gaussian point spread func-
tion (PSF(x)) coming from thermal uctuations of beads, dsDNA handles, and the
unfolded protein chain. Given good knowledge of the PSF function, one can remove
this blur from the equilibrium \jumping" data by deconvolution and recover the
intrinsic probability distribution of the protein end uctuations [57].
It is important to note, that the width of PSF at the position of a folded protein
diers from the PSF at the position of an unfolded protein. Indeed, the width of the
extension histogram is identied by the local stiness of the dsDNA handles as the
certain tension. As upon protein unfolding, the force drops, thus the local dsDNA
stiness decreases, which leads to the increase of width of PSF at the position of
unfolded protein. The uctuations of an unfolded protein also broaden the PSF.
To account for those eects, the width of the PSF at the position of an unfolded
protein was taken to be equal to the width of the bead deection histogram. The
PSF at the position of folded protein was approximated by a Gaussian whose width
was derived from a bead-DNA dumbbell without protein. The widths of the PSFs
at intermediate positions were obtained by linear interpolation between these two
boundary cases [71]. Introduction of the nonconstant, dependent on a certain bead
position a, PSFa(x) is essential for convergence of the deconvolution procedure [71].
The free energy landscape prole of the protein was reconstructed via non-linear
iterative deconvolution algorithm. Given a point-spread function PSFa(x) smooth-
ing the true protein extension probability function to produce the measured exten-
sion probability P (x), an initial guess p0(x) was constructed and the true distribution
function was approached iteratively. The (n + 1)th iteration at bead position a is
given by the following formula:
pn+1(x) = pn(x) + r(pn(x)) [P (x)  PSFa(x)
 pn(x)]: (4.12)
The relaxation function r(pn(x)) = r0(1   2jpnj 1=2) constraints the solution to
remain within the physical boundaries and 0  pn(x)  1, with the amplitude r0
controlling the speed of convergence.
We used r0 = 1 resulting in about 300 iterations. To reduce artifactual uctua-
tions in the deconvolution, initial distribution P (x) and the nal solution pn(x) were
smoothed in a 1-nm window. The locations of the energy wells of a folded F and
unfolded U protein state and heights of barriers between them for an initial guess
p0(x) were computed from the force-dependent kinetic measurements.
32
Part II
Results

Chapter 5
Ecient strategy for protein-DNA
hybrid formation
The aim of this thesis is to monitor the evolution of a folding behaviour of a protein
being tuned from a two-state folder into a downhill folder. To successfully study
the details of protein folding, one should use the reliable procedure of sample as-
sembly. The experimental set-up design used in the current study was introduced
in Figure 3.3 in Section 3.2. For assembly of such a dumbbell, at rst the protein of
interest (POI) has to be attached to two long dsDNA handles to provide a spatial
separation between the POI and the trapped beads. This is achieved by coupling oli-
gos to the POI, followed by hybridization of the protein{oligo conjugates to dsDNA
handles containing a single-stranded DNA overhang.
However the strategies for protein{DNA hybrid assembly, presented in the eld,
display some drawbacks along with low reaction eciency. To tackle this problem,
the alternative formation strategy was developed. The details of the novel assembly
strategy, presented in the current chapter, have been previously published in [72]1.
5.1 Currently available strategies for protein{DNA
hybrid formation
Key demands for the sample design and assembly strategy for creating the protein{
DNA hybrids for single-molecule optical tweezers experiments are site-specicity,
high coupling eciency, applicability for many proteins of interest, and conservation
of protein activity.
1Permission for the reuse of text, gures and tables of the published article [72] in this disser-
tation work in print and electronic formats, and translations, were requested and were granted by
American Chemical Society. This permission applies to the reuse of up to 4 gures. The copy of
the permission is provided to TU Dresden.
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Several strategies for the covalent connection of proteins to double-stranded DNA
(dsDNA) or DNA oligonucleotides (oligos) have been proposed [73]. To provide
site-specicity and precise stoichiometry in coupling, many of these strategies ex-
ploit cysteine residues { native or engineered at the desired positions [74] { as the
attachment points for DNA on protein.
The straightforward disulde exchange reaction between thiol-pyridine-activated
protein and thiol-modied DNA [75] undoubtedly leads to the desired protein{DNA
hybrid product and nowadays still remains one of the most popular ways to construct
samples for optical tweezers [67, 71, 76, 58]. However, the non-reducing reaction
conditions often lead to a high heterogeneity among the generated conjugates (e.g.
polyproteins of unknown length linked to oligos or disulde-linked oligo dimers).
Such a diversity of products not only decreases the yield of the desired product, thus
limiting accurate and reliable experiments, but also requires subsequent challenging
and time consuming purication from unwanted byproducts.
An alternative approach to attach a DNA oligo to a protein is the direct coupling
of maleimide-functionalized oligos to free thiol groups. Maleimide oligos can either
be prepared via 4-(N -Maleimidomethyl)cyclohexane-1-carbo-xylic acid 3-sulfo-N -
hydroxysuccinimide ester sodium salt (Sulfo-SMCC)
crosslinkers (see the recent review [73]) or obtained through commercial suppliers.
For the coupling reaction, maleimide-oligos are typically used in ten to twenty fold
excess [77] to the reactive thiol-groups to yield an ample labeling ratio. This ap-
proach is a popular method to produce protein{DNA hybrids [58], despite the fact
that maleimide-functionalized oligos undergo auto-hydrolysis in aqueous solution
[78] and light-driven dimerization at elevated concentrations [79]. However, these
methods generally exhibit a limited reaction yield and specicity while requiring a
high amount of reagents.
To overcome the above-mentioned drawbacks, a new protein{DNA assembly
strategy, based on copper-free click chemistry was developed, which provides site-
specicity and bio-orthogonality, under mild reaction conditions, thus allowing e-
cient and fast protein{DNA assembly. A side-by-side comparison to the commonly
used maleimide-oligo-based coupling method, presented below, shows that the novel
strategy provides higher yield while requiring less reagents.
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5.2 Novel assembly of protein{DNA hybrids based
on copper-free click chemistry
The novel assembly strategy is depicted in Figure 5.1. In the rst step a cysteine-
engineered POI is activated with a dibenzocyclooctyl (DBCO)-maleimide crosslinker
at the specic positions where the oligos should be attached. The second step of
the reaction is a strainpromoted 1,3-dipolar cycloaddition of azide-modied oligos
and the introduced DBCO groups [26]. Our protocol allows for the use of common
purication resins to yield the desired product, free of any reactants, and does not
lead to the formation of unwanted byproducts (see Appendix B for the detailed
protocol).
Figure 5.1: Cysteine-bearing protein of interest is conjugated to the azide-modied oli-
gos by DBCO-maleimide cross-linker via a copper-free 1,3-dipolar cycloaddition reaction.
Reprinted with permission from [72]. Copyright 2016 American Chemical Society.
The conjugation of protein to oligos is the critical step that determines the
eciency of the full construct assembly. Thereby, we compared the eciency of
protein{oligo coupling by our two-step method to the one of the commonly used
onestep reaction, which is based on the direct coupling of maleimide-functionalized
oligos [80] to the POI. Our POI contained the small protein lambda repressor (WT)
anked by two ubiquitin (Ubi) domains modied with cysteine (Cys) residues at
either the N- or C-terminus, respectively (Cys-Ubi-WT-Ubi-Cys) [58]. Freshly re-
duced Ubi-WT-Ubi (25 M) was incubated with either DBCO-maleimide (the rst
step of the two-step strategy, Scheme 5.1 { step 1) or with maleimide oligos.
The reaction conditions were identical for both samples: a 4-fold molar excess
of maleimide per reactive cysteine residue was used and the samples were incubated
at 4C at pH 7.0 (see Appendix B for protocols). The maleimide-oligos have a
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reduced diusion coecient compared to DBCO-maleimide due to the bulky DNA.
Therefore, the reaction time was increased to 12 h, compared to 2 h for the DBCO-
maleimide. In the second step of the two-step strategy, the DBCO-activated protein
conjugate (DBCO-Mal-Cys-Ubi-WT-Ubi-Cys-Mal-DBCO), puried from unreacted
cross-linker, was incubated for 6 h at 4C at pH 7.0 with a 2.5-fold molar excess
of azide-oligos per cysteine residue (Figure 5.1 { step 2). Hence, the total reaction
time for the two-step protocol (2 + 6 h) is less than for the one-step protocol (12 h).
The nal products and reaction eciencies were evaluated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The protein was stained
with Coomassie Brilliant Blue (Figure 5.2A) followed by SYBR Gold to visualize the
single-stranded DNA oligos (Figure 5.2B). The Cys-Ubi-WT-Ubi-Cys protein has
an expected molecular weigth (MW) of 28 kDa, the protein conjugated to one oligo
{ 38 kDa, and to two oligos { 48 kDa. The product of the DBCO-Mal-Cys-Ubi-
WT-Ubi-Cys-Mal-DBCO coupling with the azide-oligos, shown in lane 6 (Figure
5.2A), has two new distinct bands, which were not observed in the protein-only lane
(Figure 5.2A, lane 1). One band has a size of just above 35 kDa and the other one
just below 55 kDa MW standards, thus meeting the expected 38 kDa and 48 kDa
of the protein{DNA hybrids with one or two conjugated oligos, respectively.
Figure 5.2: Attachment of Ubi-WT-Ubi protein to oligos analyzed by gel electrophoresis
with Coomassie Brilliant Blue (A) and SYBR Gold (B) stainings. The 12% SDS-PAGE
gel stained for protein and DNA oligos. Lane 1 { Ubi-WT-Ubi protein construct alone,
28 kDa; lane 2 { Ubi-WT-Ubi treated with proteinase K. lane 3 { products of the one
step reaction of Ubi-WT-Ubi with maleimide-oligos; lane 4 { products of the click chem-
istry based coupling reaction treated with proteinase K; lane 5 { protein ladder; lane 6
{ products of the click chemistry based reaction of protein to oligos coupling. Reprinted
with permission from [72]. Copyright 2016 American Chemical Society.
The presence of the oligos in these two high-MW bands shown by SYBR Gold
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staining (Figure 5.2B, lane 6) further conrms the successful coupling of oligos to
protein. We additionally validated the presence of protein{DNA hybrids by incu-
bating the product with proteinase K, which degrades proteins into smaller peptide
fragments, and observed the disappearance of the high-MW bands (Figure5.2A and
B, lane 4). Thus, our two step mechanism works reliably. In contrast, the commonly
used one-step reaction with 4-fold excess of maleimide-oligos (Figure 5.2A, lane 3)
did not show any high MW bands. Instead, the protein band pattern appeared iden-
tical to the pure protein (Figure 5.2A, lane 1), suggesting that there is no signicant
production of protein{DNA hybrid. This observation is supported by the SYBR
Gold staining, which does not reveal any DNA (Figure 5.2B, lane 3). Consequently,
we have shown that the click chemistry based two-step coupling strategy has a sig-
nicantly higher yield of protein{oligo conjugates compared to the commonly used
one-step approach with malemide-functionalized DNA oligos.
To complete the sample formation for the protein folding experiments with opti-
cal tweezers, the protein{oligo hybrid product was puried by anity chromatogra-
phy with a Spin His-trap column to remove unreacted oligos. The puried protein{
oligo conjugates were incubated with dsDNA handles functionalized with either
biotin or digoxigenin for 1 h at 24C in a molar ratio of 2:1:1 (2 protein{oligo : 1
biotin handle : 1 digoxigenin handle). Only successful hybridization of protein{oligo
conjugates with two DNA-handles leads to a nal product which can be tethered
between two functionalized silica beads in the optical tweezers in dumbbell congu-
ration (Figure 5.4A). Proteins which have only one or even no oligo attached cannot
bind to two DNA handles, thus failing to form a tether. No tethers were formed
using the product of the one step reaction with maleimide-oligos (4-fold molar excess
of maleimide-oligo per cysteine residue), indicating a reaction yield too low to be
detected even by single-molecule methods. An increase of the maleimide-oligo con-
centration to a 10-fold molar excess of maleimide-oligo per cysteine residue nally
led to successful tether formation.
The reaction eciency of the protein{oligo conjugation is the critical step in
the optical tweezers sample formation. To directly compare the yield of our assem-
bly strategy to the commonly used one-step maleimide-oligo coupling, we used the
intensity of the SDS-PAGE gel bands as a measure of the conjugation eciency
(Figure 5.3A). The two-step reaction yielded 18% product with two oligos, 24%
with one oligo, and 58% unreacted protein. In comparison, the commonly used
one-step reaction yielded only 14% product with two oligos, 12% with one oligo,
and 74% unreacted protein (Figure 5.3B). The higher product yield of the two-step
reaction is further transmitted to the nal assembly of the optical tweezers sample.
Indeed, using the same amount of protein for the coupling reactions, the amount
of single molecule tethers formed with the product of the two-step protocol was 18
 3 tethers/experiment (n = 7 experiments), while the product of the 10-fold mo-
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lar excess maleimide-oligo conjugation returned 12  4 tethers/experiment (n = 7
experiments). Hence, our assembly strategy leads to a 50% higher eciency of
single-molecule tether formation (statistically signicant by a t-test analysis), while
requiring four times less modied oligos.
Figure 5.3: The comparison of the reaction eciency of one step conjugation with 10-
fold molar excess of maleimide-oligos and two step click chemistry based strategy. (A)
The 12% SDS-PAGE gel was stained with Coomassie blue. Lane 0 { Ubi-WT-Ubi protein
construct alone, 28 kDa; lane 1 { products of the one step reaction of Ubi-WT-Ubi
with 10-fold molar excess of maleimide-oligos to cysteines; lane 2 { products of the click
chemistry based coupling reaction. Blue rectangles highlight the band areas analysed by
ImageJ. (B) Comparison of reaction eciency of the three presented coupling methods
by quantication of band intensity with ImageJ. Each band intensity was expressed as a
percentage of the total intensity of all bands pertaining to the selected lane. Normalized
this way, the obtained percentage values for protein-alone and the protein{DNA conjugates
bands directly represent the eciency of coupling reaction. Reprinted with permission
from [72]. Copyright 2016 American Chemical Society.
5.3 Click-chemistry based assembly preserves the
native protein structure
Finally, to conrm that the native structure of the protein is conserved despite the
modications with oligos, we performed a rigorous analysis of the force spectroscopy
data obtained with the Ubi-WT-Ubi construct prepared following our two-step strat-
egy. In optical tweezers experiments, the two beads are separated from each other
to stretch a protein{DNA tether. A larger separation between the beads increases
the force on the POI, eventually triggering its unfolding. Recording both the force
acting on the tether and the positions of the beads results in a force-extension curve
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(FEC), which contains structural and mechanical information about the POI. A typ-
ical FEC obtained for the Ubi-WT-Ubi construct is depicted in Figure 5.4B. The
peak observed at 5:5 0:5 pN2 (n = 16, mean  s.d.; Figure 5.4B, inset) represents
the unfolding event of WT protein, as it is known that ubiquitin monomers are
unfolding at much higher forces [65, 64].
The FECs were tted with a worm-like chain model [58] yielding a contour length
increase of 26:21:6 nm2 (n = 16, mean  s.d.). We calculated the expected contour
length increase for full unfolding of WT:
Lc = 80 aa 0:365 nm
aa
  2:65 nm = 26:6 nm (5.1)
where the distance between N- and C-terminal residues for WT in the folded state
is 2.65 nm (measured from the crystal structure, PDB code 1LMB) and the length
of a single peptide bond in an unfolded polypeptide chain is 0.365 nm [74]. The
experimentally obtained contour length increase corresponds very well to the calcu-
lated contour length increase and conrms that the native structure of the protein
WT has not been disturbed by modication with the DNA oligos according to our
two-step protocol. Noteworthy, force-extension traces obtained from the one-step
protocol conjugated tethers showed an identical unfolding pattern (Figure 5.4C).
2Here the values, published in original paper [72], are reported. This published work was a
proof-of-principle study for the coupling method. The more rigorous study on mechanical proper-
ties of WT with the higher statistics is presented further in Chapters 6 and 7.
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Figure 5.4: Optical tweezers experimental setup and the force-extension curves. (A)
Dumbbell shaped bead-DNA-protein-DNA-bead construct used in dual beam optical
tweezers experiments. (B) Typical FEC of Ubi-WT-Ubi, displaying protein unfolding
at around 5 pN. (C) Comparison of FECs of Ubi-WT-Ubi generated with the direct
malemide-oligo conjugates (red trace) and with the click chemistry-based protein{DNA
hybrids (black trace). Reprinted and modied with permission from [72]. Copyright 2016
American Chemical Society.
5.4 Summary
We have developed a two-step strategy for ecient and fast coupling of DNA oligos
to proteins with high site-specicity under mild reaction conditions. The rst step
involves DBCO activation of cysteine residues using the bifunctional reagent DBCO-
maleimide and the second step clicks azide-modied oligos specically and eciently
to the introduced DBCO groups. Notably, this reaction is based on copper-free
click chemistry and prevents copper-induced damage or activity loss of proteins
[81], thus not restricting the choice of POIs. At the same time, click chemistry
ensures a high coupling eciency of the oligos to the protein and a good control of
stoichiometry through bio-orthogonality. Given the availability of oligonucleotides
with azide modications at the 5- and 3-ends, as well as at internal positions, the
presented method opens the possibility to attach proteins to any position on DNA
oligos.
The attachment points of the oligos on the protein surface are introduced by site-
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specic point mutations to cysteine residues. In case the removal of native cysteines
is unwanted, the \attachment" cysteines can be ne-tuned to a highly reactive state
by means of protein engineering [82].
The choice of the small, fast-diusing cross-linker DBCO-maleimide over the
maleimide-oligos during the eciency-limiting Michael-addition step increases the
reaction yield.
Additionally, larger conjugation scales are feasible due to the reduced total costs
for the two-step reaction, since for the same amount of protein, four times less
modied oligos are required. Along with the use of cysteines as attachment points,
chemically orthogonal modications to the protein can be introduced by the in-
corporation of unnatural amino acids (UAAs) [83]. Although the use of UAA
incorporation often leads to a signicantly reduced expression yield [84] and thus
limits its application to small amounts produced, recent approaches to increase the
expression yield [85] are promising for future applications. The two-step strategy
developed here, in turn, relies on standard chemistry, making it readily available for
a wide variety of protein{DNA conjugate applications.
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Chapter 6
Non-equilibrium mechanical
unfolding and refolding of lambda
repressor variants
The ecient and reliable strategy of protein-DNA assembly, presented in the previ-
ous chapter, allowed to proceed further and conduct single-molecule optical tweezers
experiments on the characterization of the folding process of lambda repressor and
its downhill variants.
As an initial step, I investigated the mechanical properties of proteins of interest {
the unfolding and refolding forces, folding and unfolding pathways (number of visited
states and the presence of intermediates), the unfolding behaviour (cooperative or
gradual). The results of the corresponding experiments are presented in the current
chapter.
6.1 Non-equilibrium unfolding and refolding of
lambda repressor WT
In a rst set of experiments, the mechanical stability of the wild type protein was
studied. Figure 3.3 shows a cartoon representation of a construct where full-length
WT was inserted between two ubiquitin molecules that served as spacers. For
details about the creation of these fusion constructs please refer to Section 3.2 and
Chapter 5. Using dsDNA handles, the protein was attached to 2 m and 1 m glass
beads that were trapped in a dual beam optical tweezers set-up.
The DNA-protein construct in these experiments was stretched with the con-
stant velocity of 200 nm/s (loading rate 7.8 pN/s with the eective trap stiness
0.039 pN/nm). Several examples for the pulling (unfolding) and relaxation (refold-
ing) cycles of WT are shown in Figure 6.1A. The rst part of the observed unfolding
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curves (low-force region below 4 pN) was dominated by the elastic properties of the
dsDNA linker, as the protein was still fully folded. Upon reaching a force of around
5 pN, rapid cooperative unfolding with some near-equilibrium uctuations of protein
were observed (highlighted in dashed grey box, Figure 6.1A). In relaxation cycles,
upon reducing the pulling force, an unfolded WT protein folded from an extended
conformation and the repetitive refolding uctuations were observed at a force of
around 5 pN. These uctuations, occurring within the same force range as the un-
folding events, clearly demonstrated that the folding-unfolding transition was much
faster than the stretching velocity and, thus, the conformational transition of WT
was thermodynamically reversible. In other words, during stretching, the molecule,
after exploring all possible conformational states, proceeded (returned) on the path-
way of the lowest energy on its free-energy landscape. Thus, both unfolding and
refolding stretching cycles were probing the same pathway.
Figure 6.1: (A) Several force vs extension curves of repeated unfolding and refolding of
a single WT molecule. The curves are oset relative to each other for better visualisation.
(B) Zoomed-in unfolding and refolding events with WLC- and hybrid-WLC ts. The dark
red arrows indicate some unfolding events, the pink ones { some refolding events. Black
and blue solid lines are curve ts, respectively, of WLC- and hybrid-WLC models to the
data.
In order to calculate the contour length increase upon unfolding, the rst part
of the force-extension curve till the unfolding event was tted with a WLC model
to reproduce the elastic behaviour of the DNA handle (black t, Figure 6.1B). The
elastic response of the molecular construct after the unfolding event was reproduced
by a hybrid-WLC describing the elastic behaviour of both dsDNA and the unfolded
polypeptide chain (blue t, Figure 6.1B). The tting parameters for hybrid-WLC
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were taken from the dsDNA-only WLC t, and a protein persistence length pprot of
0.5 nm was used. The increase in contour length upon unfolding was determined as
a distance between the WLC and hybrid-WLC ts (see the Figure 6.1B).
Suppose that all 80 amino acids of WT unfold (refold) during the transition
and taking into account WT N-C terminal distance of 2.65 nm, a following contour
length increase (decrease) Lc upon unfolding (refolding) is expected:
Lc = 80 aa 0:365 nm
aa
  2:65 nm = 26:6 nm:
This expected length gain is in a good agreement with a contour length increase
upon unfolding events of 28:0  2:0 nm (n = 68, mean  s.d., Figure 6.2A) and a
contour length decrease upon refolding events of 28:0  2:0 nm (n = 21, mean 
s.d.) obtained from hybrid-WLC t.
Matching of the contour length increase upon unfolding and contour length de-
crease upon folding implies that the certain amount of tertiary structure breaks
upon unfolding and then during refolding the same amount of tertiary structure
forms back. Thus, the unfolding and refolding events were assigned to unfolding of
80 aa WT and its fully reversible refolding, respectively.
Figure 6.2: (A) Distribution of the contour length increase upon unfolding transitions
for WT. (B) Histograms of unfolding Funf and refolding Fref forces.
The value of unfolding force for WT was dened as a maximal peak point of the
unfolding event from each unfolding trace, as it is indicated with the dark red arrows
on the Figure 6.1B. The refolding forces, respectively, as the minimum peak points
of the refolding event (pink arrows, Figure 6.1B). The histograms of unfolding Funf
and refolding Fref forces are shown on Figure 6.2B.
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The unfolding and refolding forces for the WT were determined to be 5:40:4 pN
(n = 68, mean  s.d.) and 4:6 0:5 pN (n = 21, mean  s.d.), respectively.
The unfolding and refolding transitions of WT appear cooperative { both the
force-induced disassembly and reassembly of the peptide structure occur all-at-once,
and only folded and unfolded structures are detected, while no intermediates are
observed. This nding coincides with the results of previous bulk studies [22, 27, 14],
that identied WT as a two-state system.
Important to note, that the WT unfolds at much lower forces in comparison to
forces reported previously for single globular protein of similar fold type (-helical
proteins) and of similar molecular weight ( 10 kDa, 80 aa): 10 pN for a 90-aa
acyl-CoA binding protein (loading rate 8.5 pN/s, [86]) or about 30-50 pN for 45-aa
long cysteine-free variant of T4 lysozyme (loading rate 4.5 pN/s, [87]).
6.2 Non-equilibrium unfolding and refolding of
incipient-downhill YA and downhill HA vari-
ants of lambda repressor
The second set of experiments was dedicated to study the mechanical response of
fast folding lambda repressor variants. The DNA-protein molecular constructs were
assembled as described earlier and further were stretched in pulling experiments
with the velocity of 200 nm/s.
Several FECs obtained during pulling and relaxing cycles with YA and HA
are shown in Figures 6.3 and 6.4. As it can be seen already from FECs, both
variants unfolded at around 7 pN { a signicantly higher force in comparison to WT.
Both variants also exhibited fast near-equilibrium folding-unfolding transitions upon
stretching and relaxing cycles (Figure 6.3B and 6.4B).
Force-extension curves were tted with WLC and hybrid-WLC to obtain the
contour length increase upon unfolding (Figures 6.3B and 6.4B). The refolding and
unfolding forces were determined as minimal and maximal value of the refolding
and unfolding tether, respectively. The histograms of contour length increase Lc,
unfolding Funf and refolding Fref forces for YA and HA are shown on Figures 6.3C,D
and 6.4C,D, respectively.
The contour length increase for YA and HA agrees well with WT (Table 6.1)
indicating a similar native structure which is in agreement with previous structural
reports [88, 15, 41]. Matching of the contour length release upon unfolding and
contour length contraction upon folding for each YA and HA again implies fully
reversible refolding of each variant, as it was before detected for WT.
The unfolding and refolding of incipient-downhill YA and downhill HA variants
appeared again cooperative, all-or-none process, without clear intermediates popu-
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YA HA
Lc unf. [nm] 28:2 1:7 (n = 36) 28:7 1:9 (n = 67)
Lc ref. [nm] 28:2 1:7 (n = 18) 28:0 1:5 (n = 36)
Funf [pN] 7:2 0:5 (n = 36) 7:3 0:5 (n = 67)
Fref [pN] 6:0 0:6 (n = 18) 6:5 0:4 (n = 36)
Table 6.1: Mechanical properties of incipient-downhill YA and downhill HA variants:
contour length release and contraction, unfolding and refolding forces, represented as mean
 s.d.
lated. This cooperative unfolding behaviour of downhill folders is unexpected, as
both YA and HA variants exhibit a low absolute contact order of around 7.6 aa
and, thus, are stabilized mainly by local interactions. The low contact order and,
thus, the high ratio (for downhill proteins { more than 33%, [19]) of local interac-
tions could lead to a gradual melting { visiting lots of folding intermediates along
the pathway { as it was observed for downhill folder BBL [6, 89].
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Figure 6.3: (A) Several force vs extension curves of repeated unfolding and refolding of
a single YA molecule. The curves are oset relative to each other for better visualisation.
(B) Zoomed-in unfolding events with WLC- and hybrid-WLC ts. The dark blue arrows
indicate some unfolding events, the magenta ones { some refolding events. Black and blue
solid lines are curve ts, respectively, of WLC- and hybrid-WLC models to the data. (C)
Distribution of the contour length increase upon (un-)folding transitions for YA. (D)
Histograms of unfolding Funf and refolding Fref forces.
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Figure 6.4: (A) Several force vs extension curves of repeated unfolding and refolding
of a single HA molecule. The curves are oset relative to each other. (B) Zoomed-in
unfolding events with WLC- and hybrid-WLC ts. The maroon arrows indicate some
unfolding events, the magenta ones { some refolding events. Black and blue solid lines are
curve ts, respectively, of WLC- and hybrid-WLC models to the data. (C) Distribution
of the contour length increase upon (un-)folding transitions for HA. (D) Histograms of
unfolding Funf and refolding Fref forces.
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6.3 Summary
Non-equilibrium folding and unfolding of WT and its incipient-downhill YA and
downhill HA variants were analysed in this chapter. WT was found to unfold at
low forces of around 5 pN, while YA and HA variants unfolded at around 7 pN and
thus demonstrated higher mechanical stability in comparison to wild-type protein.
The expected length gain for unfolding of the 80 aa protein (26.6 nm) is in
a good agreement with the contour length increase upon unfolding (28 nm) and
contour length decrease upon folding (28 nm) for WT. The exact match of the
latter values implies that the refolding of WT is fully reversible.
Incipient downhill YA and downhill HA variants also demonstrate fully re-
versible refolding. The contour length increase for YA and HA (around 28 nm)
agrees well with WT indicating a similar native structure which is in agreement
with previous structural reports [88, 15, 41].
The unfolding and refolding events were cooperative, all-in-one-step for all stud-
ied proteins, without any intermediates detected. Interestingly, the incipient-downhill
and downhill variants, although being stabilized mainly by local interactions, did
not melt gradually during the mechanical unfolding and behaved as two-state-folder
under force.
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Equilibrium unfolding and
refolding of lambda repressor
variants
As it was shown in the previous chapter, non-equillibrium pulling experiments pro-
vide some initial information about mechanical properties of the molecules of inter-
est. However for uncovering the dynamics, FECs are not ideal, as the force acting
on the molecule is constantly changing during pulling, thus continually lowering the
height of the folding barrier and altering interconversion dynamics.
Meanwhile, less biased and more detailed information about the folding be-
haviour can be obtained by setting the trap centres to a xed position and by
that applying a xed force bias to the molecule { equilibrium experiments (see Sec-
tion 3.3.2 for the measurement protocol). Given the right settings, the molecule can
unfold and refold reversibly for many cycles.
The current chapter gives an overview of the experimental improvements and
data analysis techniques utilized to obtain from equilibrium force-spectro-scopy mea-
surements the folding kinetics of a protein and its free-energy landscape details (free
energy of stability, barrier height etc.). The analysis is at rst performed in details
on lambda repressor WT experimental data, further the kinetic behaviour of the
incipient-downhill YA and the downhill HA variants is revealed.
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7.1 Importance of the trap stiness to resolve low-
force nanometer transitions
The ability to resolve small changes in contour length of the soft polymer, unfolding
at low forces { e.g., at <7 pN like lambda repressor variants { is limited by the
environmental and instrumental sources of noise, including uctuations of soft DNA
linkers at low forces, stochastic Brownian force induced on the bead by the surround-
ing solvent, low-frequency air ow or laser instabilities. Dual optical tweezers with
a dumbbell conguration allow to minimise the noise by utilizing the dierential
detection of trap signals and tuning of the trap stiness ratio, as it was proposed in
[63].
In equilibrium experiments, beads in a dumbbell conguration are coupled to
each other via the DNA linker and POI and, thus, exhibit positively correlated
movements: one bead eectively pulls the other in the same direction via the DNA as
it undergoes Brownian motion (see Figure 7.1A). Those correlated bead uctuations
do not contain any information about conformational changes of the protein of
interest and could arise, e.g., from uctuations of laser focus due to instabilities, or
temperature or air uctuations.
Thus, to increase the resolution of passive-mode measurements, the die-rential-
coordinate detection strategy was introduced [63]. The actual coordinate was cal-
culated as x = x1   x2, considering bead deection x1 and x2 in each trap. The
calculation of the dierential coordinate increased signal-to-noise ratio (SNR) by
suppressing the impact of correlated uctuations of DNA-coupled beads, while in-
creasing the signal of anti-correlated bead movements during folding and unfolding
events, which changed the DNA-protein construct length, Figure 7.1B.
Figure 7.1: Correlated (A) and anticorrelated (B) bead uctuations.
On top of the dierential-coordinate calculation, the resolution was further op-
timised by adjusting the trap stinesses accordingly to the bead sizes utilized in the
experiments as it was proposed by Mott et al. [63]:
k2
k1
=
2
1
 1  1= 
1  2=  ; (7.1)
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where k1;2 are the spring constants of optical traps; 1;2 = 6r1;2 are drag coe-
cients of each bead of radius r1;2 in the absence of the other bead;  is the viscosity
of solvent (9 10 10 pNs/nm2 for water at 25C) and   = 4(r1 +r2 +LDNA+protein).
According to this equation, for the beads of 2 m and 1 m diameter, the stiness
of the trap with the bigger bead should be at least 4.4 times lower than the stiness
of the trap with the small bead. Figure 7.2 shows the data comparison between
SNR-optimised condition for the used bead set and the settings with the equal laser
power in both traps.
Figure 7.2: The sample traces of an equilibrium experiment to compare signal-to-noise
level for the dierent ratio of trap stinesses: (A) kr2  0:3kr1 and (B) kr2  4:3kr1. Here
kr1 corresponds to a trap with the r = 1 m bead, and kr2 { to a trap with the r = 2 m
bead inside. The black traces are ltered with the Chung-Kennedy algorithm [66] with a
box of 5 ms. The histograms on the right were calculated from the ltered data.
Thus, as shown above, for the studied system the use of dierential coordinate
was crucial since all the proteins unfolded at low forces. Now, when the two main
populations { folded and unfolded { were separated, further analysis was employed to
detect if any short-lived intermediate states occur upon folding of WT and determine
kinetic and thermodynamic characteristics of the protein.
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7.2 Signal pair-correlation analysis to achieve mil-
lisecond transitions
Analysis of the equilibrium folding/unfolding protein uctuations provides the in-
formation about protein kinetics { the number of states, that it visits upon folding,
the interconversion rates k between these states, the height of barriers separating
them. Thus, it enables the energy landscape of a protein to be fully characterized.
For the equilibrium data analysis, signal-pair correlation method [53] has been
chosen. This method has been shown to be benecial for the analysis of kinetics
of two- and multi-state systems, as it allows us to determine the number of states
in the system and interconversion rates between them simultaneously, even if the
states are not well separated and show low occupancy.
For the signal-pair correlation data analysis, the following three major steps lead
to kinetic and state information:
1. the extension signal of equilibrium experiments is divided into discrete ranges
with the help of so-called 2D signal-pair histograms;
2. between all possible pairs of ranges the time-correlation functions are calcu-
lated (cross-correlations);
3. these cross-correlation functions are reproduced by the specic kinetic models
(e.g., two-state folding model, three-state with on/o pathway intermediates
etc.). Repeating the ts for all possible schemes allows us to validate the most
likely scheme and to extract the associated rates.
This analysis is illustrated below on the example of the equilibrium measurements
of WT at a mid-point force F  F1=2 = 5:5 pN { the condition when the folded and
unfolded protein states are almost equally populated.
Figure 7.3A shows the extension-time trace of WT with two distinct states in
the trajectory and also in the extension histogram (Figure 7.3B): one at 1.6 nm
representing the folded F state of protein, the other at 8.2 nm representing the
unfolded U state.
Based on this extension-time trace, the 2D signal-pair histograms are built.
Those histograms show how often according to the trace an initial extension 1
at time t led to an extension 2 after time t +  . Thus, histograms with dierent
delay times  = 1, 10, and 100 ms, as shown in Figure 7.3C, allow detection of the
intermediate states, populated along the pathway.
For  = 1 ms, two new clouds were seen around the identity points 1 = 2:
(1.6 nm, 1.6 nm) and (8.2 nm, 8.2 nm), describing the F!F and U!U transitions,
respectively. The width of the clouds arises from the thermal motion of the beads
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Figure 7.3: Signal-pair correlation analysis of WT equilibrium measurements. (A)
Extension trajectory as a function of time showing two states. (B) The extension histogram
shows two distinct peaks, folded (F) and unfolded (U). (C) Histograms of signal pairs at
dierent time delays reveal dynamic information. Color scale: light blue to yellow (2% to
> 50% of largest \bin").
attached to the molecular construct. As  increases, two clouds emerged at points
(1.6 nm, 8.2 nm) and (8.2 nm, 1.6 nm) and grew in magnitude, representing the
unfolding transition F!U and the folding transition { U!F.
An intermediate state with a partial structure would exhibit an extension value
between the F and U state, and thus should be seen as an additional cloud or
broadening of an existing one to an aspherical shape. However all cross-correlation
clouds did not show any of these indications, therefore WT was analysed further-on
as two-state system. Thus, the two signal pairs considered for a kinetic analysis are
the F!U pair and U!F pair, as it is seen from the right graph in Figure 7.3C.
To analyze the kinetics quantitatively, the cross-correlations FU and UF (signal-
pair cross-correlation functions) were calculated for signal pairs F!U and U!F,
respectively. For that, based on the extension-time trace in Figure 7.3A, \0-1" masks
were created for both F and U states: in a F-mask, e.g., all data points of extension-
time trace in range of ( 1 nm; 1.6 nm+1.4 nm) were termed as \1", all other
points { as \0". Here 1.4 nm is a standard deviation of a Gaussian t to a F-state
peak from a two-Gaussian t (red curve) of extension histogram in Figure 7.3B.
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The U-mask was constructed similarly. There, \1" value was assigned to a data
range of (8.2 nm 1.4 nm; +1 nm), where 1.4 nm is the standard deviation of
the U-state peak from a two-Gaussian t (red curve) of the extension histogram
in Figure 7.3B. Then, the cross-correlations F!U and U!F were calculated using
those masks as (F-mask?U-mask) and (U-mask?F-mask), respectively. An example
of such FU cross-correlation function is presented in Figure 7.4B) { an increasing
curve starting from zero, with plateau, indicating a negative correlation between F
and U signals.
As the next step, the FU and UF cross-correlations were tted with the kinetic
model describing a two-state system [53, 90] in order to verify if a two-state scheme
is correct and to determine the transition rates k. The FU and UF cross-correlations
were tted globally, and the principle of detailed balance was exploited to couple
kFU and kUF rates and reduce the number of tting parameters.
The transition rate between states was dened by the slope preceding the plateau.
Fitting the signal-pair correlations, the transition rates kFU = 62:1  4:0 s 1 and
kUF = 60:9 4:0 s 1 were obtained at the force F1=2 = 5:5 pN.
Varying the biasing forces allowed to screen the kinetics of WT at dierent
conditions, as the force is able to shift the equilibrium between folded and unfolded
states.
Figure 7.4: Signal-pair correlation analysis of WT equilibrium measurements: tting
cross-correlation functions. (A) A set of extension trajectories as a function of time at
dierent load. (B) Cross-correlations from F to U for extension trajectories at dierent
load t well to a two-state model (solid t). The color of the t represents dierent applied
force.
Figure 7.4A shows a set of equilibrium extension-time traces for WT obtained
at dierent applied forces. At low biasing forces, the molecule dwelt predominantly
in the folded state with a few rapid excursions into the unfolded state (Figure 7.4A,
lower trace). With increasing force, the equilibrium shifted to the unfolded state
(upper two traces of Figure 7.4A).
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Analysing each of those traces from the set as described above, the force de-
pendence of kFU and kUF was obtained. The table 7.1 summarizes the obtained
transition rates at dierent forces.
kUF [s
 1] kFU [s 1]
F = 5.8 pN 17:9 1:2 82:8 5:6
F = 5.5 pN 60:9 4:0 62:1 4:0
F = 5.3 pN 101:3 6:6 46:1 3:0
Table 7.1: The folding kUF and unfolding kFU rates obtained by the t of the two-state
model to cross-correlations from F to U for extension trajectories at dierent load.
7.3 Force-dependent equilibrium kinetics of WT
The global signal-pair correlation analysis of a set of extension-time traces recorded
at dierent pre-tensions for a single WT molecule yielded the force-dependent fold-
ing and unfolding transition rates. A superposition of the force-dependent folding
and unfolding rates of 10 individual WT molecules is shown in Figure 7.5A. The
low spread between the individual molecules justied the calculation of an average
folding and unfolding transition rate (red circles). The unfolding rates kFU (empty
red circles) increase with force, while the folding rates kUF (lled red circles) drop
with force.
To estimate the folding rate of WT at zero force, the force-dependent folding
rates kUF(F ) were tted with the model, allowing for the energetic contribution
for stretching the linker and displacing the beads from their positions upon a fold-
ing transition [69]. As the folding and unfolding rates are interconnected due to
the principle of detailed balance1, the same model was employed for the tting of
unfolding rate constants.
The use of an elaborate model for the t allowed to precisely estimate the tran-
sition rates of WT in the absence of the force and also to capture details of the
involved protein energy landscape. Table 7.2 shows the obtained parameters for the
distances to the barrier top from folding and unfolding wells xu and xf , respec-
tively, and folding k0UF and unfolding k
0
FU rates at zero load. Further using those
extrapolated rates, thermodynamic parameters of protein energy landscape at zero
force { the thermodynamic stability G0 of the protein, and the heights of unfolding
and refolding barriers GzFU and G
z
UF { can be calculated (see Section 4.4).
1The folding and unfolding rates relate to each other proportionally to state occupancies: if fi
is the fraction of state i, and kij is the rate of the transition from state i to j, then kij = kji(fi=fj).
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Figure 7.5: Force-dependent folding and unfolding rate constants for WT. (A) Chevrons
plots of dierent individual molecules of WT (grey traces) with the averaged fold-
ing/unfolding transition rates (red lled circles for kUF, empty ones { for kFU). (B) Fit of
force-dependent folding and unfolding rates with the model, accounting for the energetic
contribution for stretching the linker and displacement of the beads from their positions
upon a folding transition [69]. Error bars represent the standard error of the mean (SEM).
It is interesting to note that the globular protein WT appeared to be extremely
stretchable in its folded state. The distance between the folded F state and the
barrier xu of 6.1 nm most likely indicate a high compliance against mechanical
stress [91]. That exibility of WT could be necessary for biological function WT to
provide more ecient binding DNA. That nding is supported by MD simulation
of the N-terminal domain of the  repressor uncovered plausible conformational
changes experienced by the protein upon DNA binding [92].
The extrapolated zero-force folding rate of 7:8104 s 1 for WT was determined by
tting the force-dependent folding rates with the model (Figure 7.5B), accounting
for the energy dierences of the DNA linker and bead position between the moments
when the protein is in the unfolded state U and the transition state TS (see Section
4.4.1 and [69]). The dierence of the rate obtained from the t (7:8  104 s 1) and
the literature value (2:8  104 s 1, [29]) can be explained by the error in the force
assignment for the extension regions. According to the tests, the error in force
determination just by 0.3 pN already shifts the value of k0UF to 4:3  104 s 1, keeping
xf and G
0 unchanged.
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Parameters for WT Fitting results Literature values
k0FU [s
 1] 9:2 2:3 2:0 1:0 [29]
k0UF [s
 1] (7:8 2:0)  104 (2:8 1:6)  104 [29]
xu [nm] (calc.) 6:1 0:9 {
xf [nm] 20:5 0:9 {
GzFU [kBT ] (calc.) 13:9 0:2 15.4  0.4
GzUF [kBT ] (calc.) 4:9 0:2 5.9  0.5
G0 [kBT ]  9:1 0:1  9:5 0:1 (calc.)
Table 7.2: Folding and unfolding rates, transition state positions for WT at zero force. The
distance to the folding transition state xf was determined by tting with the model from
[69]. The distance to the transition state for folding xu was determined via subtracting
the distance to the folding transition state xf from 26.6 nm of the contour length of the
stretched protein WT. Pre-exponential factor used for the calculations was k0 = 10
7 s 1.
7.4 Equilibrium folding of incipient-downhill YA
and downhill HA variants of lambda repressor
In order to shed light on the kinetic behaviour of the incipient variant YA and the
downhill variant HA, the same equilibrium force-spectroscopy measurements were
performed as described in previous sections for WT.
Figures 7.6A,C show the equilibrium data for YA and HA at dierent pre-
tensions. The extension histograms of both YA and HA showed the existence
of well-dened folded and unfolded states. The presence of intermediate states
was veried via signal-pair histograms with dierent correlation times. No signs of
intermediates were observed, so both YA and HA variants were treated further as
two-state systems. In Figures 7.6B,D the cross-correlation functions from F to U,
calculated from a set of extension-time traces from Figures 7.6A,C, are presented
along with the two-state ts on top. As it is seen from the Figures, the two-state
kinetic model can reproduce the cross-correlation data very well. Thus, the incipient-
downhill YA and downhill HA variants behaved under load as two-state folders,
similar to the wild-type WT.
The global signal-pair correlation analysis of a set of extension-time traces for
various pre-tensions yielded individual graphs of force-dependent unfolding and fold-
ing rates for 8 YA and 10 HA molecules (Figure 7.6E,F, grey). Kinetic behaviour of
single molecules of one kind was highly reproducible, thus, justifying the calculation
of average folding and unfolding transition rates. These averaged rates are depicted
on top of individual rates: the force-dependent unfolding rates kFU as empty blue
and green circles and the folding rates kUF { lled blue and green circles for YA and
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HA, respectively.
Figure 7.6: Signal-pair correlation analysis of YA and HA folding. The set of extension
trajectories for dierent pre-tensions shows the existence of two states for both (A) YA and
(C) HA. The FU cross-correlations for (B) YA and (D) HA calculated from extension-
time traces in (A) and (C) t well to a two-state model (solid t). The colors of the ts
represent dierent applied forces. (E) and (F) Force-dependent unfolding and folding rates
measured in equilibrium mode of individual YA and HA molecules (grey), respectively.
The averaged unfolding rates (empty circles) and folding rates (lled circles) are depicted
in blue and green for YA and HA, respectively. Error bars represent the SEM.
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The force-dependent folding and unfolding rates of each downhill variant were
coupled by the detailed balance principle and tted with the model introduced by
Schlierf et al. for an extrapolation to zero force ([69], Figure 7.7). The results are
presented in the table 7.3.
Figure 7.7: Force-dependent unfolding (open circles) and folding (lled circles) rates of
WT (red), YA (blue) and HA (green). The solid and dashed lines are an extrapolation
of the rates to zero-load taking into account the compliance of all mechanical elements in
the construct (see section 4.4 and [69]). Error bars represent the SEM.
According to the extrapolated folding rates, YA folded 4.5 times slower than
the HA at zero force condition at room temperature, although both still fold on
microsecond time-scale. The extrapolation of HA folding rates over several orders
of magnitude yielded a folding rate of (54.0  6.9)104 s 1, which is in very good
agreement with the literature values of 43.5104 s 1, derived by temperature-jump
experiments [15]. The folding rate of YA extrapolated to zero force condition coin-
cided with the rates derived by temperature-jump experiments [41] within the error
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Fitting results Literature values
YA
k0FU [s
 1] 0:3 0:1 {
k0UF [s
 1] (12:5 4:2)  104 5:0  104 / 40:0  104 [17, 31]
xu [nm] (calc.) 9:5 1:1 {
xf [nm] 17:1 1:1 {
GzFU [kBT ] (calc.) 17.5  0.3 {
GzUF [kBT ] (calc.) 4.4  0.3 5.3 (calc.)
G0 [kBT ]  13:1 0:1 {
HA
k0FU [s
 1] 1:4 0:2 {
k0UF [s
 1] (54:0 6:9)  104 43:5  104 [15]
xu [nm] (calc.) 8:0 0:3 {
xf [nm] 18:6 0:3 {
GzFU [kBT ] (calc.) 15.80.1 {
GzUF [kBT ] (calc.) 2.90.1 3.1 (calc.)
G0 [kBT ]  12:9 0:1 {
Table 7.3: Folding and unfolding rates, transition state positions for ultrafast variants
YA and HA at zero force bias. The distance to the folding transition state xf was
determined by tting with the model [69]. The distance to the transition state for folding
xu was determined via subtracting the distance to the folding transition state xf from
26.6 nm of the contour length of stretched protein. Pre-exponential factor used for the
calculations was k0 = 10
7 s 1.
of force assignment. That striking agreement suggests that the equilibrium force-
spectroscopy experiments and the bulk T-jump experiments were probing the same
pathway on the free energy landscape of those variants.
The incipient-downhill and downhill variants were found to be more thermody-
namically stable (had higher free-energy stability G0) than WT, that also corre-
lates with the higher melting temperature, reported for variants ([41], see table 2.1).
The calculated height of the folding barrier GzUF of 4:4 kBT for YA at room tem-
perature in the absence of force supported the classication of YA as an incipient-
downhill folder, according to nomenclature accepted in the literature2. For HA,
GzUF of 3 kBT is in the range of reported values for roughness ( 1  4 kBT [93]).
The bigger xu value for ultra-fast variants suggests that the variants are even
more exible than the wild-type WT. The underlying reason for the exceptionally
high softness of ultrafast variants could be the interplay of the high function-related
2The terminology is introduced in the section 2.2.1.
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compliance behaviour of their protein-of-origin WT and the elevated due to muta-
tions ratio of local interactions. As both ultra-fast variants YA and HA exhibited
small folding barriers on the range of 3-4 kBT and behaved as two-state folders under
load, none of them is a one-state downhill folder with the concave energy landscape.
7.5 Summary
Folding of WT
Equilibrium folding and unfolding extension-time traces of WT at dierent preten-
sions were analysed in this chapter. It was found that the trap stinesses have to be
optimized to resolve the folding and unfolding transitions with small contour length
increase at low force. The signal-pair correlation analysis of equilibrium folding
and unfolding extension-time traces showed that WT behaves as a two-state folder
without intermediate states populated. The global signal-pair correlation analysis
of a set of the extension-time traces over the range of dierent pre-tensions allowed
screening the kinetic folding behaviour of WT. The t of force-dependent folding
and unfolding rates, coupled by the detailed balance principle, revealed the thermo-
dynamic parameters of protein energy landscape at zero force. The sketch of WT
energy landscape is shown in Figure 7.8. The extrapolated to zero force condition
folding rate coincided with the folding rate derived by temperature jump experi-
ments, within the error of force assignments. WT exhibited high compliance (large
xu of 6.1 nm) against mechanical stress. This high degree of softness might be
necessary for the biological function of WT to nd and bind to a DNA sequence.
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Figure 7.8: Sketch of the free energy landscape of WT at zero force. Thermodynamic
parameters of this energy landscape are obtained from tting of force-dependent folding
and unfolding rates. Folded, unfolded and transition states are indicated with F, U and
TS letters, respectively.
Folding of downhill-like YA and HA variants
In this chapter the equilibrium force-spectroscopy data for ultrafast variants YA
and HA was analysed by the signal-pair correlation method. Both variants were
proved to behave under load as two-state folders, with well-dened folded and un-
folded states. No traces of intermediate states were detected. The global signal-pair
correlation analysis of a set of the extension traces over the range of pulling forces
allowed screening the kinetic folding behaviour of downhill-like variants. The t of
force-dependent folding and unfolding rates, coupled by the detailed balance princi-
ple with the Berkemeier-Schlierf model [69], revealed the thermodynamic parameters
of protein energy landscapes at zero force (Figure 7.9).
The downhill variants were found to be more thermodynamically stable than the
WT, that also correlates with the higher melting temperature, reported for variants
[41].
The ultrafast variants YA and HA appeared to be even more highly compliant
(soft) in its folding state than WT. That characteristic could arise from the inter-
play of high function-related exibility of their full-length protein-of-origin and the
elevated due to mutations ratio of local interactions.
As both ultrafast variants YA and HA exhibited small, on the range of 3 4 kBT ,
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folding barriers and behaved as two-state folders under load, none of them is a one-
state downhill folder with the concave energy landscape.
Figure 7.9: Sketch of the free energy landscapes of WT (red) and its incipient-downhill
YA (blue) and downhill HA (green) variants at zero force. Thermodynamic parameters of
these energy landscapes are obtained from tting of force-dependent folding and unfolding
rates. Folded, unfolded and transition states are indicated with F, U and TS letters,
respectively.
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Chapter 8
Model-free energy landscape
reconstruction for WT,
incipient-downhill YA and
downhill HA variants
Already exploiting the results of tting the kinetic data from the previous chapter,
one can draw a sketch of the energy landscape (see Figure 7.9). However, as free-
energy landscapes provide the key descriptions of how proteins fold into specic
three-dimensional structures, it is highly desirable to reconstruct the actual ne
details of landscape, like the detailed shape and position of both barriers and wells.
High-resolution single-molecule force spectroscopy provides that unique possibility.
The following chapter illustrates the model-free reconstruction of the free-energy
landscape of WT, YA and HA, using single-molecule force spectroscopy.
The free energy at a given extension, G(), is related to the probability density,
P (), through the Boltzmann relation G() = kBT ln[P ()]. Thus, the free-energy
landscape of the protein may be recovered from P () { by a deconvolution process.
The technical details of that algorithm are described in subchapter 4.5 and else-
where [57, 71, 94]. In brief, in an optical tweezers experiment, the uctuations of
the ends of the protein are blurred by the thermal movements of beads attached to
the DNA handles. The bead position is not a faithful reporter of the actual protein
extension, because the beads can move due to the extension of DNA, even if the
protein ends do not. Given good knowledge of the thermal uctuations of beads
and handles, this blur can be removed from the passive-mode data by deconvolu-
tion and the intrinsic probability distribution of the uctuations of protein ends can
be recovered. Or, mathematically speaking, if the probability distribution of the
molecular extension , obtained from equilibrium constant-force measurements, is
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P (), the true distribution of the protein extension is p(), and the point-spread
function (PSF) of the probe is PSF(), then the observed extension distribution is
P () = PSF()
 p().
For the deconvolution procedure, at rst, an initial guess for the potential,
G0(), is constructed. Next, the associated extension probability p0() is convolved
with PSF() and compared to P (). That dierence is weighted and added to p0()
to create the next-iteration guess for the intrinsic protein extension distribution
p1(). The iteration process is repeated until the deviations between PSF()
pk()
and measured P () are negligible.
To reconstruct the full energy landscape, we measured the extension-time traces
of single proteins at F  F1=2 (mid-force condition, where folded and unfolded
states are almost equally populated) at high bandwidth (40 kHz) for several tens
of seconds and created a histogram of the extension, P (). The long measurement
time is necessary to obtain enough data points at the transition region between the
states { when protein crosses the barrier. The raw data were corrected for the low-
frequency instrumental drift. The point spread function PSF() was measured with
dsDNA-only sample without any protein.
For convenient comparison of the deconvolved energy landscapes from WT, YA
and HA, the extension scaling of the input data was changed to the respective
simultaneous unfolded contour length Lc [94], which provided force-independent
scaling in contrast to -scaling. Thus, before running the deconvolution algorithm,
the following changes were made: P ()! P (Lc) and PSF()! PSF(Lc).
An initial guess for the potential, G0(Lc), was constructed by assuming that
folded and unfolded wells are parabolic potential wells located at the histogram
maxima, separated by a parabolic barrier Gz(F = F1=2). The height of the barrier
and its position xf were determined from the previously measured force-dependent
rates. The height of the barrier was estimated by assuming a pre-exponential factor
k0 = 10
7 s 1 1.
In Figure 8.1, the solutions pk(Lc), the associated landscapes Gk(Lc) and the
measured P (Lp) with the corresponding \measured" G(Lc) of the three single
molecules WT and the ultrafast-folding variants YA and HA are shown. The re-
sults of vericatory re-convolution of the single-protein free energy landscape pk(Lc)
with the PSF (blue dashed lines) demonstrate the acceptably small residual for the
solution generated by the deconvolution algorithm.
The overview of the deconvolution results is illustrated in Figure 8.2. A super-
position of the deconvolved free-energy landscapes of single molecules at mid-force
1Using formal logic, the theoretical pre-factor ktheor0 = 1:3 106 s 1, corresponding to the speed
limit of F = (N=100) s [4], where N is a number of amino acids in the protein, could have been
used. However, this assumption would mean that for HA folding rate of kUF = 0:5 106 s 1, every
third folding attempt would be successful.
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condition F1=2 for each protein is shown in the left column of Figure 8.2. The
landscapes of individual molecules of one type overlap extremely well, indicating
the reproducible unfolding and refolding behaviour of dierent molecules. Despite
the fact that the long constant-trap-distance measurements were often disrupted
by instrumental drift, which led to the low statistical sampling of molecules, the
exceptionally reproducible behaviour enabled detection of characteristic details of
landscapes for each protein.
Landscapes from left column were separately tilted to zero-force condition F =
0 pN and overlapped. The low spread between the landscapes of individual molecules
of one type justied the calculation of averaged energy landscapes presented in
Figure 8.2, right column.
8.1 Direct observation of the eect of a single
mutation on the conformational heterogene-
ity and protein stability
The deconvolved free-energy landscape for WT showed the two well-dened minima
corresponding to the folded and unfolded states, separated by the small 4 kBT energy
barrier2. This result agrees well with the two-state folding behaviour reported by
the earlier bulk studies [22, 27, 14] and observed before in the equilibrium force
measurements.
The reconstructed free-energy landscapes of the fast-folding variants YA and
HA are not at and exhibit folding barriers of about 2 kBT
2. The barrier-limited
folding for YA has already been recently reported by Yu et al. [42]. The variant
HA, however, was previously considered to fold downhill, judging from its ultrafast
folding time of 2 s. The model-free reconstruction of the HA energy landscape
revealed the existence of a barrier, which is consistent with the cooperative folding
observed via equilibrium mechanical experiments (Chapters 6 and 7). So, both
fast-folding variants YA and HA are found to fold via barrier-limited mechanism.
As for the width of the wells, the energy minimum for the folded state in Figures
8.2B and 8.2C is broader than that in Figure 8.2A. The dierence in the width
of folded wells supplies direct evidence that the nominally folded state for the fast
folding variants actually consists of an ensemble of states.
2It is important to note that the height of the deconvolved barrier depends on the initial guess
Gz(F = F1=2) for the barrier height, and hence on the pre-exponential factor k0 used for the
Gz(F = F1=2) calculation. Some additional discussion on the topic is presented later in the
current chapter.
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Figure 8.1: Free-energy landscapes determined by deconvolution algorithm for (A) WT;
(B) YA and (C) HA. Experimental probability distributions and associated free energy
landscapes (black solid) were deconvolved to remove the eects of blurring caused by
thermal motions of beads attached to proteins via elastic handles. Probability distributions
(left column) and landscapes (right column) recovered by Gaussian deconvolution (dashed
red) have small residual errors, that is seen from the vericatory re-convolution (dashed
blue).
72
Chapter 8. Model-free energy landscape reconstruction
Figure 8.2: Model-free reconstruction of the protein's full energy landscape. Right
column: overlapped deconvolved free energy landscapes (colored lines) of (A) WT, (B)
YA, (C) HA at F = F1=2 pretension and the averaged free energy landscapes (thick black
line). Left column: Protein's energy landscape in the absence of force with the standard
deviation error (shaded envelope).
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Interestingly, the comparison of the unfolded well width shows the inverse re-
lation: now the unfolded wells of both fast-folding variants are narrower than the
unfolded energy minima for WT.
The funnel width reects the conformational entropy of the denaturated state,
which is in part a function of the number of glycine residues in the sequence3. Thus,
the wider folding funnel for WT with the native glycines provides direct evidence
for a greater conformational ensemble of WT unfolded state in comparison with the
ensemble of unfolding conformations of variants with the Gly!Ala substitutions
(YA and HA).
Further comparison of landscapes at zero-force conditions allows us to directly
observe the eect of a single Gly!Ala mutation on the dierent protein states.
Having the increased exibility, a glycine residue has been predicted to stabilize
the unfolded state by  0.8 kcal/mol ( 1.3 kBT ), due to an increase in the con-
formational entropy of the unfolded ensemble [95, 88]. As it can be seen from the
free-energy stability (Figure 8.3), the unfolded state for WT is more stabilized than
for variants: the energy of unfolded state of Gly!Ala variants (YA and HA) is el-
evated by  2:0  3:0 kBT ( 1.5 kcal/mol) in comparison to WT, which correlates
very well with the expected value for the double Gly!Ala mutation (G46A/G48A)
in the variants YA and HA.
3Several estimates have suggested that there are 3.4 times as many conformations accessible
to a polypeptide with a glycine at a particular site relative to alanine at the same site [95, 96].
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Figure 8.3: Superposition of deconvolved free-energy landscapes of WT (red), YA (blue)
and HA (green) at zero force with the corresponding free-energy stabilities (k0 = 10
7 s 1,
T = 298 K).
8.2 Artifacts of barrier-height determination dur-
ing deconvolution
One has to keep in mind, that the barrier heights obtained by deconvolution depend
on the pre-exponential factor k0 that was used for calculating the initial guess for
the barrier height. The table 8.1 below illustrates that dependence. The dierence
between pre-exponential factors over one order of magnitude (k0 = 10
7 s 1 and
108 s 1) lead to 1  2 kBT change of barrier height.
Further cross-check of barrier height obtained by deconvolution with data ob-
tained by the equilibrium force measurements and reported in the literature, re-
vealed that the deconvolved barrier are on average 1.8 times lower than the barriers
from literature or equilibrium force measurements (see table 8.1). The observed
barrier height reduction could originate from the incomplete correction of the long
folding/unfolding extension traces for the low frequency instrumental drift. Drift
broadens the populations in the extension histogram causing the broadening of the
region between peaks, that leads to articial lowering of the measured barrier. Re-
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markably, the barrier heights, extrapolated from the equilibrium force measure-
ments, correlate extremely well with the literature data. Although the same type
of experiment (constant-trap-distance mode) was used for both kinetics and decon-
volution measurements, the traces used for kinetics measurements were only about
5 s short and, thus, not prone to low-frequency drift of 0:2 Hz, while the 1  2 min
long traces, used for the deconvolution, were partially aected.
WT YA HA
Deconvolution
kf [s
 1], (calc.)
k0 = 10
7 s 1 18:0  104 1:4  106 1:4  106
k0 = 10
8 s 1 25:0  104 5:0  106 5:0  106
Gydeconv;UF [kBT ]
k0 = 10
7 s 1 4.0 2.0 2.0
k0 = 10
8 s 1 6.0 3.0 3.0
Equilibrium force-spectroscopy data
kf [s
 1] 7:8  104 12:5  104 54:0  104
Gykinetic;UF [kBT ]
k0 = 10
7 s 1 4.9 4.4 3.2
k0 = 10
8 s 1 7.2 6.7 5.5
Literature data
kf [s
 1] 2:8  104 5:0  104 / 40:0  104 43:5  104
Gytheor;UF [kBT ]
k0 = 10
7 s 1 5.8 5.3 / 3.2 3.2
k0 = 10
8 s 1 8.1 7.6 / 5.5 5.5
Table 8.1: Comparison of folding barrier heights of WT, YA and HA determined by
deconvolution, by signal-pair correlation analysis of equilibrium force-spectroscopy data,
and stated in the literature for dierent values of pre-exponential factor k0 of 10
7 s 1 and
108 s 1 at T = 298 K.
8.3 Summary
In the current chapter the model-free energy landscape reconstruction for wild-type
lambda repressor WT and the downhill-like folding variants YA, HA was presented.
The free energy landscapes were reconstructed at the mid-force conditions F = F1=2
and then tilted back to the zero force.
The deconvolved free-energy landscape for WT showed the two well-dened min-
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ima corresponded to folded and unfolded states, separated by the small 4 kBT . Both
fast-folding variants YA and HA appeared to be two-state folders as well and exhib-
ited folding barriers of about 2 kBT each. These values are below the 3 kBT limit of
barrierless folding, suggesting that both YA and HA fold incipiently downhill; and
despite its ultrafast folding time in a range of 2 s, HA is not a one-state downhill
folder, but has a residual barrier.
The deconvolution analysis exposed the ne details of well and barrier shapes:
both fast folding variants exhibited the bigger width of the folded wells in com-
parison to WT, that supplied direct evidence that the nominally folded states of
variants consist of larger conformational ensemble. Greater conformational hetero-
geneity of folded state could be connected with the elevated ratio of local contacts
in ultrafast variants that provides more freedom for small conformational changes
like e.g. thermal \breathing" of the whole structure, thermal uctuations of loops
and poorly structured chain fragments (e.g. helix 5).
The comparison of the unfolded well width showed the inverse relation: the
unfolded wells of both fast-folding variants were narrower than the unfolded energy
minima for WT. As the width of funnel reects the conformational entropy of the
denaturated state, the greater width could originate from a larger number of glycine
residues in the WT sequence (because of the lager amount of chain conformations
accessible to glycine compared to alanine). And thus the eect of a single mutation
Gly!Ala is directly observed on the deconvolved energy landscapes.
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Conclusions and Outlook
The aim of this thesis was to monitor the evolution of the folding behaviour of a
protein being tuned from a two-state folder into a downhill folder. In this chapter, I
discuss the results of single-molecule force spectroscopy measurements in the light of
existent knowledge in the eld and reveal the inuence of single mutation on folding
process and properties of folding and unfolding states.
Folding of 6 85 variants: fully cooperative transitions on the microsecond
time-scale
Application of the force slowed down the proteins, allowing observation of ultrafast
two-state folder WT and its incipient-downhill and downhill variants in real time,
on a millisecond time scale. For WT at mid-force of F1=2  5:4 pN, folding kinetics
was of about kUF = kFU = 80 s
 1. Both incipient-downhill YA and downhill HA
variants demonstrated folding kinetics of kUF = kFU = 60 s
 1 at their midpoint force
F1=2  7:0 pN (see Figure 7.7).
The extrapolated zero-force folding- and unfolding rate constants of
7.8104 s 1 and 9.2 s 1 for WT matched reported values from bulk experiments very
well [29, 22, 27, 14].
The extrapolation to zero force of the data for YA and HA variants yielded
unfolding rate constants of 0.3 s 1 and 1.4 s 1 and folding rates of 1.3105 s 1 and
5.4105 s 1, respectively. The folding rate of YA (1.3105 s 1) is in extremely good
agreement with the folding rate of 2105 s 1, recently determined for that variant
via hydrogen exchange NMR [42]. Also in consonance with the previous studies [41],
the folding rate of YA is found to be about 4 times smaller than HA at zero force
condition at room temperature.
The HA folding rate kUF = 5:4  105 s 1 exactly coincides with the experimental
folding \speed limit"  4  105 s 1 proposed for -repressor [30] and is approaching
its theoretical upper rate limit estimate of N=100  0:8 s (1.25106 s 1, N=80) [4].
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Thus, HA variant is one of the fastest folding proteins known by now, along with
the 35-residue stabilized variant of villin headpiece (1.2106 s 1 [54]) and 40-residue
BBL protein (0.8 106 s 1 [97]).
The striking agreement of folding rates from force-spectroscopy experiments and
the ones reported from T-jump experiments suggests that the equilibrium force-
spectroscopy experiments in the dual-trap conguration with low spring constants
of traps probe a similar pathway on the free-energy landscape as chemical or thermal
denaturation experiments, thus allowing fro a direct comparison of the results.
An important aspect of the mechanical kinetic-folding data concerns the cooper-
ativity of the folding and unfolding transition of downhill-related variants of lambda
repressor. Here the well-dened, fully cooperative folding and unfolding transitions
upon stretching and relaxing were observed for the two-state folder WT, in agree-
ment with earlier studies [29, 22, 27, 14].
An incipient-downhill folder YA also demonstrated fully cooperative unfolding
transition under force. This nding goes well along with the recent studies [98, 42]
that identied the barrier-limited folding for that variant in contrast to downhill-like
that was presumed by earlier studies [13, 41].
Another model of this work, variant HA, was expected to exhibit downhill fold-
ing behaviour based on its ultrafast (approaching speed limit) folding rate and the
probe-dependent equilibrium unfolding [99, 100, 101]. However, probing mechanical
properties of HA with single-molecule force-spectroscopy provided the rst evidence
that HA did not abide by these assumptions. Further, by measuring its kinetic be-
haviour and revealing its landscape, this protein was unquestionably characterized
as a barrier-crossing folder. Thus, the folding (and unfolding) process of HA dras-
tically diers in its very nature from the one-state downhill folding of BBL, despite
their similar folding time scales.
Insights from the free-energy landscapes of 6 85 variants: direct evidence
of a single mutation eect
Comparison of energy landscapes between the studied proteins allows us to identify
the role of mutations in the transformation of the two-state landscape of a wild-type
protein into downhill-like direction (see Figure 9.1). To perform this, the landscape
sketches are aligned to overlap in a position of unfolded state (both Lc and G(Lc))
for better visualisation.
As one can see from the gure 9.1 when comparing the sketch of WT energy
landscape to the YA one, mutations Q33Y and G46/48A lead to the stabilisation
of YA (decrease the free energy of the folded state) by 3 kBT . The free energy
of the transition state (TS) is only slightly aected by those mutations { there is
an energy dierence of only 0:4 kBT between the WT and YA transition states.
However, the mentioned mutations critically aect the position of TS and shift it
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along the contour length coordinate towards higher values, thus, making the folded
state of incipient-downhill variant YA more stretchable.
The comparison WT and HA landscapes show that a single amino acid sub-
stitution Q33H leads to a signicant drop in the height of folding barrier of 2 kBT ,
while not so signicantly aecting the position of the transition state (in comparison
to above-mentioned case).
Thus, Q33H (in combination with G46/48A) provides better entropy-enthalpy
compensation that is seen from the decrease of the folding barrier, whereas Q33Y
(in combination with G46/48A) is involved more in stabilizing the hydrophobic core
and makes the folded state more compliant (big xu = 9:5 nm for YA in contrast
to xu = 6:1 nm for WT).
Figure 9.1: Sketch of the free energy landscapes of WT (red) and its incipient-downhill
YA (blue) and downhill HA (green) variants at zero force. Thermodynamic parameters of
these energy landscapes are obtained from tting of force-dependent folding and unfolding
rates. Folded, unfolded and transition states are indicated with F, U and TS letters,
respectively.
The deconvolution analysis added more ner of recognizably dierent landscapes
of WT and its variants YA and HA (see Figure 8.3). The analysis was performed
with the assumption of parabolic shape for both barriers and wells.
Deconvolution did not reveal any on- or o-pathway intermediate states, which is
consistent with non-equilibrium stretching data and kinetic analysis of equilibrium
data1. The energy barriers of all proteins exhibited approximately the same narrow
1Noteworthy, that even if the equilibrium data displays only two major populations of folded
and unfolded states and, thus, the initial-guess EL was designed with just two states, the decon-
volution algorithm is still capable of revealing the additional low-populated intermediate state {
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width, which indicates that the transition state of proteins is well-dened and hardly
susceptible to experimental perturbation, e.g., by mutagenesis or solvent condition
changes.
With the assumption of parabolic shape of wells, the distance between the folded
state and the barrier xU can be interpreted not only in terms of stretchabil-
ity/softness of the protein, but also can be used as an estimate of conformational
heterogeneity in the folded state. The wider the state, the more conformations, dif-
fering by  kBT , can be accommodated in the state (Figure 9.2). And the protein
can interconvert within those conformations upon thermal energy uctuations [102].
Figure 9.2: Connection between xU and the conformational heterogeneity of the folded
state, under the assumption of parabolic well shape. The uctuations in the bottom of
the energy well represent the roughness of the state or potential sub-states.
As both fast-folding variants exhibited the larger width of the folded wells (big-
ger xU) in comparison to WT, that supplied direct evidence that the nominally
folded states of variants consist of bigger conformational ensemble. Greater con-
formational heterogeneity on the folded state could be connected with the elevated
ratio of local contact in downhill-like variants that allow more freedom for small
conformational changes like e.g. thermal \breathing" of the whole structure [103],
thermal uctuations of loops [104] and poorly structured chain fragments (helix 5
in lambda repressor fragment [36, 105, 37]).
Remarkably, the comparison of the unfolded well width showed the inverse rela-
tion: the unfolded wells of both fast-folding variants were narrower than the unfolded
energy minima for WT. As the width of funnel reects conformational entropy of
the denaturated state, the greater width could originate from a larger number of
glycine residues in the WT sequence (because of the lager amount of chain confor-
mations accessible to glycine compared to alanine). And thus the eect of a single
mutation Gly!Ala is directly observed on the deconvolved energy landscapes.
as it was shown for the imperfect hairpin with an unpaired spacer [57].
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It is instructive to compare the experimentally determined barrier height of  3 
4 kBT of fast folding YA and HA variants to the strengths of typical residue-residue
interactions in proteins. The strength of van-der-Waals interactions in tightly packed
crystals can reach values up to 10 kJmol 1 ( 4 kBT , [106]). Hydrogen bonds have
typical strengths of 2   7 kJmol 1 ( 1   3 kBT , [107]), salt bridges contribute
2 kJmol 1 ( kBT , [108]), whereas the hydrophobic eect between aromatic side
chains can contribute up to 5 kJmol 1 to protein stability ( 2 kBT , [109]). This
suggests that small barriers of  3  4 kBT can be caused by individual interactions
between a pair of residues and are in the order of the energy landscape roughness
for a small protein { 4  5 kBT [93].
As both fast-folding variants YA and HA exhibited small, on the range of 3  
4 kBT , folding barriers and behaved as two-state folders under load, none of them
is a one-state downhill folder, despite of their folding rates approaching the \speed
limit".
Further experiments
As optical tweezers provide great possibility to determine the energy landscape of a
protein with high resolution, a direct extension of the current work would be further
mutational studies attempting to fully eliminate the barrier in HA to turn it into a
one-state downhill folder.
A new approach towards that mutational procedure could be given by prelimi-
nary characterisation of folding of the \smallest core" of WT protein identied by
Prigozhin et al. [110]. That core has been found to be a stable two-helix bundle
with the well-dened computed structure, cooperatively folding and with the same
melting temperature and folding rate as WT. Remarkably, the core contained only
helices 1 (7-32 aa) and 4 (51-77 aa) with a Ser-Gly linker (GSGSG). Thus, none
of mutational positions 33, 46 or 48, that were used to design downhill-like folding
variants, is present in the folding core. It may be possible to increase the folding
rate of the \smallest core" fragment by reducing its non-native hydrophobic con-
tacts (promising are positions I54, I56, I59 and especially L64). Modifying those
solvent-exposed hydrophobic residues in HA might lead to tighter a folding core
packing and better entropy-enthalpy compensation resulting in elimination of the
folding barrier.
For the far future, it would be interesting to extend the current study of downhill
folders and perform single-molecule force-spectroscopy experiments on the accepted-
in-the-eld one-state downhill folder BBL to characterise its folding pathway and
directly access its energy landscape. As BBL is expected to melt gradually, combina-
tion of smFRET with optical tweezers (introduced here [111]) could be advantageous
to simultaneously control unfolding (or refolding) and probe the conformation.
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Chapter 10
Appendix A { Conformational
heterogeneity of the attC integron
recombination site promotes
strand selectivity
10.1 The attC hairpins of bacterial integron re-
combination sites
Bacteria possess an impressive capability of adapting to environmental stresses and
are known to develop antibiotic multiresistance by horizontal gene transfer. The
predominant tool for the acquisition and expression of resistance genes in gramneg-
ative bacteria is a functional genetic platform called integron. Integrons capture and
rearrange gene cassettes and ensure their correct expression. The stable platform
of the integron contains an integrase gene intI with its promoter Pint, as well as an
integration site attI and a cassette promoter Pc (Figure 10.1A). The cassettes are
promoterless protein-encoding DNA gene sequences, each of them associated to a
recombination site attC.
To collect and rearrange gene cassettes, Integrons use site-specic recombination
catalyzed by the tyrosine recombinase IntI, whose target is a single-stranded (ss)
recombination site attC. Correct orientation of cassettes is essential for the func-
tionality of the integron. Insertion of a cassette in the opposite orientation would
position it facing the promoter and thus preventing its expression. The correct
orientation is ensured by the strand selectivity of the integrase toward the bottom
strand. Thus for the functionality of the integron, it is very important that IntI can
distinguish the bottom from the top strand of the originally double-stranded attC
sequence and recombine only the bottom strand.
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The attC sites are highly variable in size and exhibit a poor sequence conservation
but preserve an important common feature { the overall palindromic sequence, that
enables them to form secondary structures. The bottom (attCbs) and top strands
(attCts) hairpins are formed through the folding of the two complementary strands
on themselves. Thus, these hairpins are inherently similar, but the three unpaired
structural features distinguish them, making the structures of attCts and attCbs
asymmetrical. Those unpaired structural features are extra-helical bases (EHBs),
unpaired central spacer (UCS) and variable terminal structure (VTS, see Figure
10.1B). Because those three features are the only ones that distinguish the two
strands, strand selectivity of the integrase for attCbs must be based on some of
these features, or on the interplay of all three.
Figure 10.1: Experimental set-up. (A) Scheme of integron recombination platform. (B)
attC site structural elements. (C) Dual-trap optical tweezers experimental set-up used in
the current study.
A better understanding of attC site structure formation and origin of the strand
selectivity of integrase could be helpful for the development of drugs being able to
prevent site-specic recombination by integrase and thus repressing the spreading
of antibiotic resistance genes.
Single-molecule force spectroscopy oers unique access to conformations of pro-
teins and hairpins [58, 112, 113]. In this study we use high-precision optical tweez-
ers to characterise the secondary structure formed by top attCts and bottom attCbs
strands of a naturally occurring attCaadA7 recombination site. We found that both
attCts and attCbs were formed via on-pathway intermediates, represented by half-
unfolded hairpins. For each hairpin, two structurally distinct intermediate states
were detected. The experimentally-observed conformational heterogeneity of the
intermediates was supported by the UNAFold structural simulations which further
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predicted the existence of two structurally-distinct folded conformations, relative to
those intermediates. To reveal the role of unpaired structural features of the hair-
pin in the conformational selection, we studied mechanical properties of attCts and
attCbs variants with exchanged VTS and UCS. The existence of the structurally-
distinct folded conformations for attCts and attCbs of attCaadA7 suggested the plau-
sible reason for strand-selectivity mechanism of IntI recognition.
10.2 Unfolding of attCts and attCbs hairpins occurs
through on-pathway intermediate states
For the optical tweezers experiments, a single molecule of attC hairpin (either top
or bottom strand) was suspended between two glass beads using two 860-nm-long
DNA handles (Figure 10.1C). By separating two silica beads from to each other,
force was applied to the molecular construct and caused the stretching of a tether,
eventually triggering hairpin unfolding. Recording both the force acting on the
tether and the positions of beads results in a forceextension curve (FEC), which
contains structural and mechanical information about the hairpin under tension.
We performed non-equillibruim pulling and relaxing the construct with constant
velocity of 200 nm/s.
Figures 10.2A and C show FECs for unfolding of attCts and attCbs hairpins.
For each attCts or attCbs hairpins, in 80% of the recorded traces we observe single
cooperative unfolding event at unfolding forces of about 5:7  1:6 pN (n=215) for
attCbs and 5:4 1:9 pN (n=232) for attCts, respectively.
In 20% of the traces from each hairpin a hump at forces below 2 pN was seen,
additionally to the 5pN-unfolding event (Figure 10.2B and D). The force, at which
the hump occurred, deviated a lot from trace to trace, often making this transition
almost invisible (below 0.5 pN detection limit)1.
Suppose that all 64 bases of attCaadA7 unfolded/refolded during the transition,
a following contour length increase Ltheorc was expected:
Ltheorc = 64 na 0:68
nm
na
  6:08 nm = 37:44 nm;
where a diameter of DNA helix of 2 nm and 6T-linker of 4.08 nm (60:68 nm=na,
with a contour length per base ssDNA of 0.68 nm [114]) are taken into account.
The experimentally observed contour length change Lexpc , obtained from hybrid-
WLC t, upon 5-pN transition was in a range of 20   24 nm for each attCts and
attCbs hairpins. The \missing" (relative to L
theor
c ) contour length constituted ap-
proximately 17  13 nm, which corresponds to the unfolding of  12  9 bp dsDNA
1The analysis of hump transition with hybrid-WLC was not possible due to the poor force
resolution of WLC t at forces below 2 pN.
89
Chapter 10. Appendix A { Conformational heterogeneity of attCaadA7
Figure 10.2: Force-extension curves for attCts or attCbs hairpins.
stem { approximately half of the full hairpin (Figure 10.3). Thus, considering two
observed transitions { hump at the force below 2 pN and the cooperative transition
at 5 pN { the \missing" contour length was attributed to the contour length, re-
leased during unfolding of a lower part of a hairpin with high AT content at very
low forces with hump-like transition.
Thus, both attCts or attCbs hairpins unfold at signicantly lower forces in com-
parison to perfect hairpins2 [115], via on-pathway intermediates, represented most
likely by approximately half-opened hairpin (see Figure 10.3).
2Synthetic secondary structures with a perfect self-complementary stem sequences but a stem
GC-content and loop length comparable to the upper stem of the attCaadA7 unfold at forces above
10 pN.
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Figure 10.3: Sketch of the attCbs structure. The lower stem might unfold at hump-like
transition, the upper stem unfolds at 5 pN unfolding event.
10.3 attCbs and attCts hairpins exist in two confor-
mations in static equilibrium
Further we performed the rigorous analysis of the contour length increase upon
major 5 pN pulling on attCbs and attCts hairpins. For attCbs, the distribution of
Lc with two major peaks at 20 nm and 24 nm was observed (Figure 10.4B, BS WT
histogram). The similar heterogeneity of the contour length increase Lc was found
for the attCts (Figure 10.4B, TS WT histogram). The heterogeneity in contour
length distribution upon unfolding and refolding clearly indicates the existence of
two structurally-distinct intermediate states. As 5-pN transition is attributed to
the unfolding of the upper stem, the two peaks of Lc distribution represent the
existence of two intermediate states with dierent upper-stem length: Lc = 20 nm
corresponds to a  13 bp stem and a 3-na loop and Lc = 24 nm { to  16 bp
stem and a 3-na loop.
Each hairpin has a preferred conformation: attCbs hairpin was found more often
in \16-bp upper stem" conformation (80% vs 20% according to the areas of each
Gaussian in Figure 10.4B), while attCts { in \13-bp upper stem" conformation (76%
vs 24%, according to the Gaussian t). Upon sequential stretching and relaxing
cycles, hairpins can refold in any of those states, supporting the memory-less nature
of folding process.
The analysis of unfolding events occurring at the rst stretch, when a molecule
in thermodynamic equilibrium is probed, showed contour length release of about
25 nm upon unfolding of attCbs; for the attCts, the contour length release was
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Figure 10.4: Distribution of contour length release Lc upon unfolding of (A) attCbs
and (B) attCts hairpins and their variants. (C) Conformations of hairpins predicted by
UNAFold { \straight" zipper and \kinked" zipper.
around 20 nm (data not shown). Thus, attCbs and attCts actually tend to have
dierent conformation in equilibrium.
To get a structural idea about the possible conformation of intermediate states
of attCbs and attCts hairpins, we performed the structural simulations with the
UNAFold Web Server [116, 117]. According to the UNAFold, under used experi-
mental conditions3 attCbs and attCts hairpins can exist in two energetically similar,
but structurally dierent conformations { a \straight" zipper and a \kinked" zip-
per (see Figure 10.4C). Both predicted structures possessed the structural features
attributed to the attC hairpins such as extra-helical bases, unpaired central spacer
and a loop. Noteworthy, the dimensions of the upper stems of predicted struc-
tures exactly corresponded to experimentally-observed contour length increase: the
\straight" zipper has a 16-bp stem (Lc = 24 nm) and the \kinked" zipper { 13-bp
stem (Lc = 20 nm)
3Experimental buer 50 mM Na2HPO4/NaH2PO4, 250 mM NaCl and 1% Glucose, at 25
C.
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Thus, the force-extension data and the predictions from UNAFold reveal that
attCbs and attCts hairpins, although being palindromic, fold dierently: attCbs
collapses preferentially into the \straight"-zipper conformation, attCts { into the
\kinked" one. However, both hairpins can exchange between those two conforma-
tions.
10.4 Dierent conformations of attCbs and attCts
are the plausible reason for strand selectivity
of integrase
To test if structural features of hairpin can pre-identify the conformation of a hairpin,
we exchanged VTL and a part of UCS between attCts and attCbs hairpins, thus
obtaining 4 variants: BS VTL TS { attCbs with VTL of the attCts, TS VTL BS {
attCts with VTL of the attCbs; and the constructed in a similar manner UCS-variants
BS UCS TS and TS UCS BS (Figure 10.5).
Exchanging of VTL did not alter mechanical stability and unfolding behaviour
of BS VTL TS and TS VTL BS variants in comparison to their wild-type strands of
origin (two-step unfolding transition). Both BS VTL TS and TS VTL BS variants
exhibited double-peak distribution of Lc with 20-nm and 24-nm peaks. BS VTL TS,
as well as its hairpin-of-origin attCbs, was found more often in 24-nm \straight"-
zipper state, whereas TS VTL BS, similar to attCts { in 20-nm \kinked" conforma-
tion (Figure 10.4A and B). Thus, VTL alone does not pre-determine the confor-
mation of attCbs and attCts hairpins, despite being the initial (nucleation) point of
folding [115].
The exchanging of UCS also did not lead to changing of mechanical stability
of variants and the type of unfolding pathway: both BS UCS TS and TS UCS BS
unfolded in a two-step manner with the rarely visible rst transition (hump cor-
responding to the lower-stem opening), and the second major transition at 5 pN
(upper-stem opening).
The distribution of contour length release upon unfolding BS UCS TS and
TS UCS BS exhibited two clearly observed peaks at 20 nm and 24 nm, but the
occupancy of these peaks was reversed to the one observed for the parent wild-type
hairpins (Figure 10.4A and B). Now the BS UCS TS variant was found more often
in 20-nm peak, which corresponds to the \kinked" conformation (bottom histogram
on Figure 10.4A), than in the 24-nm peak (Figure 10.4A)). Correspondingly, for the
TS UCS BS variant the equilibrium between \kinked" and \straight" conformations,
in turn, shifted towards 24-nm peak, or \straight"-zipper conformation.
Noteworthy, that UNAFold anticipated for the VTS- and UCS- variants the same
conformational heterogeneity and the preferred conformations that were observed
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Figure 10.5: Overview of the designed variants for attCbs and attCts. The light-green
box indicate L- and R-boxes.
during experiments.
The two conformation predicted by UNAFold are very dierent structure-wise.
The \kinked" and the \straight" hairpin conformations show dierent exposure of
IntI binding site, in particular L-box (Figure 10.4C, green boxes). In the \kinked"
conformation on the upper stem only 4 bp out of 8 bp of usual integrase binding
site are exposed. That length was questioned to be sucient for strong binding of
IntI [118, 119].
In that way, the dierent conformations of attCts and attCbs hairpins could be the
reason for the strand selectivity of integrase. And, as it is the UCS { and not VTL
{ that pre-determines the folded conformation of a hairpin, the UCS is responsible
for the integrase strand selectivity. Our hypothesis was as well supported by the in
vivo experiments of Nivina et al. [120], who showed that the inverting the full UCS
sequence (5 bases) between the attCbs and attCts strands of attCaadA7 causes the
changing in strand selectivity.
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10.5 Summary
The multi-resistance in gramm-negative bacteria is inherently connected to the
mechanism of shuing of gene cassettes within integron. These cassettes should
be inserted correctly to be expressed. This mechanism of insertion is modulated
by the tyrosine recombinase IntI that shows a remarkable strand selectivity for the
bottom strand (attCbs) of its target attC hairpin.
However, little is known on how IntI distinguishes the attCbs from the top strand
(attCts), which have complimentary sequences and thus are expected to be struc-
turally very similar.
Here, we used single-molecule optical tweezers to study the molecular structure
of two complementary attCbs and attCts hairpins. Both hairpins unfolded at surpris-
ingly low forces (5 pN) via intermediate states. The force-induced unfolding revealed
the existence of two structurally distinct, but energetically similar conformations for
both hairpins. The predominant conformation of attCbs exposed the IntI binding
site, while the predominant conformation of attCts buried it. Mutational studies
revealed that this conformational heterogeneity is governed by unpaired features of
the hairpins. The hypothesis was supported by the in vivo studies.
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11.1 Protein expression and purication
Lambda repressor fragment 6 85 was genetically inserted in pET28a expression
plasmid between two ubiquitins (Ubi) with terminal cysteines that served as spac-
ers. To express and purify the protein construct Ubi-6 85-Ubi, the N-terminal
His6-tag was engineered. Protein construct was expressed in Escherichia coli BL21
at 37C for 3 hrs. Harvested cells were centrifuged, resuspended in buer (50 mM
Trsi-HCl, pH 8.0, 300 mM NaCl, 20 mM Imidasole) and lysed with EmulsiFlex-C5
(AVESTIN). The supernatant was ltered and applied to Ni Sepharose® column
(GE Healthcare). Protein construct Ubi-6 85-Ubi was eluted by step-wise increase
of Imidasole concentration (40-500 mM). In the sequences below, underlining indi-
cates residues belonging to 6 85, mutations are highlighted in bold.
The resulting amino acid sequence of the used construct are following:
Ubi-WT-Ubi:
MACKMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFA
GKQLEDGRTLSDYNIQKESTLHLVLRLRGGELSLTQEQLEDARRLKAIWEKK
KNELGLSQESVADKMGMGQSGVGALFNGINALNAYNAALLAKILKVSVEEFS
PSIAREIRGTMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLI
FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGKCLE-His6.
Ubi-YA-Ubi:
MACKMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFA
GKQLEDGRTLSDYNIQKESTLHLVLRLRGGELSLTQEQLEDARRLKAIWEKK
KNELGLSYESVADKMGMGQSAVAALFNGINALNAYNAALLAKILKVSVEEFS
PSIAREIRGTMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLI
FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGKCLE-His6.
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Ubi-HA-Ubi:
MACKMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFA
GKQLEDGRTLSDYNIQKESTLHLVLRLRGGELSLTQEQLEDARRLKAIWEKK
KNELGLSHESVADKMGMGQSAVAALFNGINALNAYNAALLAKILKVSVEEFS
PSIAREIRGTMQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLI
FAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGKCLE-His6.
11.2 Detailed protocol for the two-step linking
of oligos to proteins using DBCO-maleimide
(DBCO-Mal)
1. Activation of protein cysteins with DBCO-Mal
(a) Reduce of the protein of interest with at least 10x fold excess of TCEP
for cysteines amount in a phosphate buer with TCEP (100 mM sodium
phosphate buer, 150 mM NaCl, 2 mM TCEP, pH 7.0) for at least 30 min
at RT.
(b) It is important to maintain the buer pH in a range of 6.5-7.5 to keep
the maleimide group predominantly reacting to free sulfhydryls.
(c) Freshly prepare 20 mM DBCO-Mal stock in DMSO.
(d) Add DBCO-Mal in the 8x fold excess to the protein amount (4x fold
excess to reactive thiol-group amount) in a tube with reduced protein.
Mix carefully. The nal concentration of DMSO in the solution should
not exceed 10%.
(e) Incubate the reaction for 2h at 4C, pipetting up/down from time to
time.
(f) Purify protein-DBCO solution from unreacted free DBCO-Mal and TCEP
with PD SpinTrapTM G-25 column, GE Healthcare following their stan-
dard protocol. Equilibrating buer { 100 mM sodium phosphate buer,
150 mM NaCl, pH 7.0. Final sample volume will be 140 l (minimal
working volume for this column).
2. Click-coupling of the DBCO-activated protein to azide-oligos
Limiting reagent for this reaction is azide-oligos (stock: 1 nmol/l in 100 mM
sodium phosphate buer, 150 mM NaCl, pH 7.0)
(a) Mix 0.5 nmol DBCO-activated protein with 2.5 nmol of azide-oligos. Re-
action volume about 20 l.
97
Chapter 11. Appendix B { Protocols
(b) Incubate the reaction at 4 C for 6 hrs.
(c) Purify the mixture from unreacted oligos with His SpinTrapTM column,
GE Healthcare following their standard protocol. Binding buer 50 mM
Tris-HCl, 300 mM NaCl, 20 mM Imidazole, pH 8.0; elution buer {
50 mM Tris-HCl, 300 mM NaCl, 500 mM Imidazole, pH 8.0. Final sample
volume will be 400 l (2 elution steps).
(d) If desired, concentrate protein-oligo sample 10x times with Vivaspin 500
columns, GE Healthcare to a nal volume of around 40 l.
11.3 Detailed protocol for the one-step linking of
maleimide-oligos to proteins
(a) Reduce of the protein of interest with at least 10x fold excess of TCEP
for cysteines amount in a phosphate buer with TCEP (100 mM sodium
phosphate buer, 150 mM NaCl, pH 7.0, 2 mM TCEP, pH 7.0) for at
least 30 min at RT.
(b) It is important to maintain the buer pH in a range of 6.5-7.5 to keep
the maleimide group predominantly reacting to free sulfhydryls.
(c) Dissolve maleimide oligos in 100 mM sodium phosphate buer, 150 mM
NaCl, pH 7.0 (e.g. make a stock: 0.5 nmol/l).
(d) Mix protein with maleimide-oligo in a 1:8 ratio (here 0.5 nmol protein
was added to 4 nmol maleimide-oligo). Keep the reaction volume small,
about 20 l.
(e) Incubate the reaction at 4 C overnight (  12 hrs).
(f) Purify the mixture from unreacted oligos with His SpinTrapTM column,
GE Healthcare following their standard protocol. Binding buer { 50 mM
Tris-HCl, 300 mM NaCl, 20 mM Imidazole, pH 8.0; elution buer {
50 mM Tris-HCl, 300 mM NaCl, 500 mM Imidazole pH 8.0. Final sample
volume { 400 l (2 elution steps).
(g) If desired, concentrate protein-oligo sample 10x times with Vivaspin 500
columns, GE Healthcare to a nal volume of around 40 l.
11.4 Sample chamber preparation
The ow cells used in this work were assembled by two microscopy cover slips
functionalized with FDTS (1H,1H,2H,2H-Peruorodecyltrichlorosilane, 97%, Sigma-
Aldrich) 18x18 mm and 22x22 mm (no. 1.5, Menzel) as depicted in Figure 11.1. Big
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Name (length), Company Sequence
Maleimide-oligo (32 nt), IBA GmbH 5-CGTTGTTGCTATTGGTAGGCGGTGACCCGTCC-Mal-3
Azide-oligo (32 nt), biomers.net GmbH 5-CGTTGTTGCTATTGGTAGGCGGTGACCCGTCC-Azid-3
Table 11.1: Sequence of oligonucleotides used for protein coupling
and small cover slips were fused together by melting thin stripes of Paralm M®.
Thereby the ow channels were formed with a volume of approximately 25 L each.
As the next step, the ow channels were ushed with 1% Pluronic F127 (Sigma-
Aldrich) in 1x PBS buer and incubated for 20 minutes to prevent sticking of the
functionalized beads to the glass surfaces during the measurements.
Before the experiments, the channels were ushed with an assay buer (50 mM
Na2HPO4/NaH2PO4 buer and 250 mM NaCl and 1%(V/V') Glucose). After in-
jecting the sample with beads, the ow channels were sealed with vacuum grease to
prevent buer evaporation.
Figure 11.1: Sketch of the used sample chamber. After cleaning and treatment with
FDTS to make them hydrophobic they were fused together via Paralm strips. The ow
channels were incubated with Pluronic F127 and rinsed with the working buer (ushed
always in the direction of the orange arrow). Last step was the injection of the sample
mixture which contained an oxygen scavenging system, assay buer, 1 m and 2 m beads
whereby latter have been incubated with the DNA sample for 2 hours. This ow chamber
was nally sealed with vacuum grease.
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11.5 Functionalization of cover slips
(a) Load an equal number 18x18 mm and 22x22 mm cover slips in a porcelain
rack and leave some space in between (surfaces should not contact).
(b) Put the racks in a glass container and ll up with 1:20 water dilution of
Mucasol® to cover the racks fully.
(c) Sonicate for 15 minutes.
(d) Remove the Mucasol® by rinsing thoroughly with Milli-Q® water for
2-3 min; then remove water.
(e) Fill the glass container with pure 99.8% ethanol.
(f) Sonicate for 10 minutes.
(g) Dispose ethanol into a proper solvent waste container and rinse again
thoroughly with Milli-Q® water for 5 min.
(h) Blow the coverslips dry by virtue of N2-ux.
l Storage: Cover slips within their racks can now be stored in the dried
glass container.
s Critical: Store the FDTS dry and in vacuum. Open it just before you
use it and seal it directly afterwards!
s Critical: Work with FDTS exclusively below the exhaust hood and in
protective gloves! Don't inhale.
(i) Pipette 4 times 20 L FDTS onto a Petri dish located in the bottom of
a desiccator.
(j) Put the ceramic plate of the desiccator back in position and place the
racks with the cover slips on it.
(k) Connect the desiccator with a vacuum pump and reduce the pressure to
around 10 mbar. Maintain this condition for 10 minutes.
(l) Close the valve of the desiccator and incubate at least 2 hours (overnight
also possible).
l Storage: leave the cover slips in their porcelain racks and store them
in a glass box
11.6 Bead functionalization
Beads used: silica beads carboxyl 2.00 m (dry), Bangs Laboratories, #SC05000.
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Buer preparation
B1) NaC: 100 mM sodium carbonate pH 9.6:
 S1: 420 mg NaHCO3 (84.01 g/mol) per 50 mL ddH2O
 S2: 530 mg Na2CO3 (105.99 g/mol) per 50 mL ddH2O
 Mix 65% S1 and 35% S2, check and adjust pH to 9.6
 Freeze and store in 10 mL aliquots at -20 C
B2) NaP: 10 mM sodium phosphate pH 7.4
 S3: 78 mg NaH2PO42H2O (156.01 g/mol) per 50 mL ddH2O
 S4: 179 mg Na2HPO412H2O (358.15 g/mol) per 50 mL ddH2O
 Mix 80% S3 and 20% S4, check and adjust pH to 7.4
 Freeze and store in 10 mL aliquots at -20 C
B3) 10x Tris: 0.8 M Tris/HCl pH 7.4
 4.85 g Tris (121.14 g/mol) per 50 mL ddH2O
 Adjust pH to 7.4 with conc. HCl
 Freeze and store in 10 mL aliquots at -20 C
B4) I7.4: 25 mM imidazole, 0.05% Tween-20, pH 7.4
 170.2 mg imidazole (68.08 g/mol) dissolved in 100 mL ddH2O, check and adjust
pH to 7.4
 Add 500 L of 10% Tween-20 (pre-diluted with ddH2O)
B5) I6.5: 25 mM imidazole, 0.05% Tween-20, pH 6.5
 Use 50 mL of I7.4
 adjust pH to 6.5
B6) I6.5TT: 25 mM imidazole, 0.1% Tween-20, pH 7.4
 Use 10 mL of I6.5
 Add 50 L of 10% Tween-20 (pre-diluted with ddH2O)
B7) 5% NHS
 5 mg of NHS (N-Hydroxysuccinimide) / 100 L ddH2O { solubilize immedi-
ately before use
B8) 5% EDC
 5 mg of EDAC (N-Ethyl-N-(3-dimethylaminopropyl)-carbodiimide hydrochlo-
ride, 191.70 g/mol, Sigma, #E1769) / 100 L I6.5 { solubilize immediately
before use
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B9) Anti-Digoxigenin
 1 mg/mL Anti-Digoxigenin Fab-fragment in PBS. Freeze in uid nitrogen in
30 L aliquots, store at -80 C
B10) PEG-NaP: 10 mM sodium phosphate, 0.05% Tween-20, 1 mg/mL PEG-1000,
pH 7.4
 15 mg PEG-1000; preheat the PEG ( 70 C) to make it uid, then make a
predilution
 Add 7.5 L 10% Tween-20
 Add 1.5 mL NaP
B11) Storage buer: PEG-NaP, 5% glycerol, 0.1% NaN3
 Mix 10 L glycerol + 2 L 10% NaN3 + 188 L PEG-NaP
Functionalization of silica beads with Anti-Digoxigenin
1. Resuspending and bead washing
(a) Weigh 5 mg beads into a 2 mL tube and suspend (vortex) in 900 L NaC
(B1).
(b) Sonication in water bath for 40 min.
(c) Wash 4 times; at 4 C, 425 rcf, 1 min, remove the supernatant and
resuspend (vortex) in 900 L I6.5 (B5).
(d) After last repetition resuspend (vortex) in 150 L I6.5 (B5).
2. Surface activation: Work quickly until protein premix has been added to beads.
Prepare NHS and EDC solutions immediately before the use, as they are
sensitive to hydrolysis.
(a) Dissolve 5.0 mg NHS in  85 L ddH2O, add 1 M NaOH until pH 6.0 is
reached and ll with ddH2O to 100 L.
(b) Dissolve 5.0 mg EDC in 100 L I6.5.
(c) Immediately make premix containing 1.6 % EDC and 0.8 % NHS in I6.5:
48 L EDC + 24 L NHS + 78 L I6.5 (per 5 mg beads).
(d) Immediately add premix to beads (from step 1.d).
(e) Incubate 10 min at room temperature in a rotating shaker (in the mean-
time, prepare the protein premix PP (see below) and keep it on ice).
(f) Add I6.5TT (B6) to a volume of 900 L.
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(g) Wash 4 times; at 4 C, 425 rcf, 1 min, remove the supernatant and
resuspend (vortex) in 900 L I6.5TT (B6).
(h) After last repetition, resuspend (vortex) in 150 L I7.4 (B4).
(i) Sonicate in water bath for 10 s. Continue immediately with step 3.
3. Protein coupling (no vortex anymore): Keep the protein stock and all protein
containing mixtures if possible on ice.
(a) PP (per 5 mg beads): 0.25 mg/mL Anti-Digoxigenin protein premix: 25
L of 1 mg/mL protein stock added to 75 L of I7.4 (B4).
(b) Add PP to the bead suspension, mix gently by pipetting and stirring.
(c) Incubate 3 h at room temperature in a rotating shaker (in aluminium
foil).
4. Stopping the coupling reaction
(a) Add 30 L 10x Tris pH 7.4 (B3), mix gently.
(b) Incubate 90 min at room temperature in a rotating shaker (in aluminium
foil).
5. Washing and storage
(a) Wash 5 times in 200 L PEG-NaP (B10) at 4 C, 425 rcf, 1 min (no
vortex).
(b) After last repetition resuspend (no vortex) in 200 L storage buer (B11).
(c) Store the obtained suspension of functionalized beads in a rotating shaker
at 4 C.
103

Bibliography
[1] Christian B. Annsen. Principles that govern the folding of protein chains.
Science, 181(4096):223{30, jul 1973.
[2] Cyrus Levinthal. How to fold graciously. Mossbauer Spectrosc. Biol. Syst.
Proc., 24(41):22{24, 1969.
[3] Joseph D. Bryngelson, Jose Nelson Onuchic, Nicholas D. Socci, and Peter G.
Wolynes. Funnels, pathways, and the energy landscape of protein folding: A
synthesis. Proteins Struct. Funct. Genet., 21(3):167{195, mar 1995.
[4] Jan Kubelka, James Hofrichter, and William A. Eaton. The protein folding
speed limit'. Curr. Opin. Struct. Biol., 14(1):76{88, feb 2004.
[5] Feng Liu and Martin Gruebele. Downhill dynamics and the molecular rate of
protein folding. Chem. Phys. Lett., 461(1-3):1{8, aug 2008.
[6] Maria M. Garcia-Mira, Mourad Sadqi, Niels Fischer, Jose M Sanchez-Ruiz,
and Victor Mu~noz. Experimental identication of downhill protein folding.
Science, 298(5601):2191{5, dec 2002.
[7] W. Kevin Meisner and Tobin R. Sosnick. Barrier-limited, microsecond fold-
ing of a stable protein measured with hydrogen exchange: Implications for
downhill folding. Proc. Natl. Acad. Sci., 101(44):15639{15644, nov 2004.
[8] Hongxing Lei, Xiaojian Deng, Zhixiang Wang, and Yong Duan. The fast-
folding HP35 double mutant has a substantially reduced primary folding free
energy barrier. J. Chem. Phys., 129(15):155104, oct 2008.
[9] Raquel Godoy-Ruiz, Eric R. Henry, Jan Kubelka, James Hofrichter, Victor
Mu~noz, Jose M. Sanchez-Ruiz, and William A. Eaton. Estimating free-energy
barrier heights for an ultrafast folding protein from calorimetric and kinetic
data. J. Phys. Chem. B, 112(19):5938{5949, may 2008.
105
Bibliography
[10] Jobiah J. Sabelko, J Ervin, and Martin Gruebele. Observation of strange
kinetics in protein folding. Proc. Natl. Acad. Sci., 96(11):6031{6036, may
1999.
[11] Feng Liu, Deguo Du, Amelia A Fuller, Jennifer E Davoren, Peter Wipf, Jef-
fery W Kelly, and Martin Gruebele. An experimental survey of the transition
between two-state and downhill protein folding scenarios. Proc. Natl. Acad.
Sci. U. S. A., 105(7):2369{74, feb 2008.
[12] Adam Fung, Peng Li, Raquel Godoy-Ruiz, Jose M Sanchez-Ruiz, and Victor
Mu~noz. Expanding the realm of ultrafast protein folding: gpW, a midsize
natural single-domain with alpha+beta topology that folds downhill. J. Am.
Chem. Soc., 130(23):7489{95, jun 2008.
[13] Hairong Ma and Martin Gruebele. Kinetics are probe-dependent during down-
hill folding of an engineered lambdaf6-85g protein. Proc. Natl. Acad. Sci. U.
S. A., 102(7):2283{2287, feb 2005.
[14] Charles Dumont, Yoshitaka Matsumura, Seung Joong Kim, Jinsong Li, Elena
Kondrashkina, Hiroshi Kihara, and Martin Gruebele. Solvent-tuning the
collapse and helix formation time scales of lambda(6-85)*. Protein Sci.,
15(11):2596{2604, nov 2006.
[15] Feng Liu and Martin Gruebele. Tuning lambdaf6-85g towards downhill folding
at its melting temperature. J. Mol. Biol., 370(3):574{84, jul 2007.
[16] Feng Liu, Deguo Du, Amelia A. Fuller, Jennifer E. Davoren, Peter Wipf, Jef-
fery W. Kelly, and Martin Gruebele. An experimental survey of the transition
between two-state and downhill protein folding scenarios. Proc. Natl. Acad.
Sci., 105(7):2369{2374, feb 2008.
[17] Wei Yuan Yang and Martin Gruebele. Folding at the speed limit. Nature,
423(6936):193{197, may 2003.
[18] Victor Mu~noz. Thermodynamics and kinetics of downhill protein folding in-
vestigated with a simple statistical mechanical model. Int. J. Quantum Chem.,
90(4-5):1522{1528, 2002.
[19] Victor Mu~noz, Luis A. Campos, and Mourad Sadqi. Limited cooperativity in
protein folding. Curr. Opin. Struct. Biol., 36:58{66, feb 2016.
[20] Athi N. Naganathan, Urmi Doshi, and Victor Mu~noz. Protein Folding Kinet-
ics: Barrier Eects in Chemical and Thermal Denaturation Experiments. J.
Am. Chem. Soc., 129(17):5673{5682, may 2007.
106
Bibliography
[21] Kresten Lindor-Larsen, Stefano Piana, Ron O. Dror, and David E. Shaw.
How fast-folding proteins fold. Science, 334(6055):517{520, oct 2011.
[22] GS S Huang and TG G Oas. Submillisecond folding of monomeric lambda
repressor. Proc. Natl. Acad. Sci. U. S. A., 92(15):6878{82, jul 1995.
[23] Steven Stayrook, Peera Jaru-Ampornpan, Jenny Ni, Ann Hochschild, and
Mitchell Lewis. Crystal structure of the  repressor and a model for pairwise
cooperative operator binding. Nature, 452(7190):1022{1025, apr 2008.
[24] Robert T. Sauer, S R Jordan, and Carl O. Pabo. Lambda repressor: a model
system for understanding protein-DNA interactions and protein stability. Adv.
Protein Chem., 40:1{61, 1990.
[25] Michael H Hecht, Kathleen M Hehir, Hillary C. M. Nelson, Julian M Sturte-
vant, and Robert T Sauer. Increasing and decreasing protein stability: Eects
of revertant substitutions on the thermal denaturation of phage  repressor.
J. Cell. Biochem., 29(3):217{224, jan 1985.
[26] Nicholas J Agard, Jennifer A Prescher, and Carolyn R Bertozzi. A strain-
promoted [3 + 2] azide-alkyne cycloaddition for covalent modication of
biomolecules in living systems. J. Am. Chem. Soc., 126(46):15046{7, nov
2004.
[27] Randall E Burton, Guewha S Huang, Margaret A Daugherty, Paul W Full-
bright, and Terrence G Oas. Microsecond Protein Folding Through a Compact
Transition State. J. Mol. Biol., 263(2):311{322, oct 1996.
[28] Yanxin Liu, Johan Strumpfer, Peter L Freddolino, Martin Gruebele, and Klaus
Schulten. Structural Characterization of -Repressor Folding from All-Atom
Molecular Dynamics Simulations. J. Phys. Chem. Lett., 3(9):1117{1123, may
2012.
[29] Sina Ghaemmaghami, J Michael Word, Randall E Burton, Jane S Richardson,
and Terrence G. Oas. Folding Kinetics of a Fluorescent Variant of Monomeric
 Repressor. Biochemistry, 37(25):9179{9185, jun 1998.
[30] Wei Yuan Yang and Martin Gruebele. Rate-temperature relationships in
lambda-repressor fragment lambda 6-85 folding. Biochemistry, 43(41):13018{
25, oct 2004.
[31] Wei Yuan Yang and Martin Gruebele. Folding -Repressor at Its Speed Limit.
Biophys. J., 87(1):596{608, jul 2004.
107
Bibliography
[32] John J. Portman, Shoji Takada, and Peter G. Wolynes. Microscopic theory
of protein folding rates. II. Local reaction coordinates and chain dynamics. J.
Chem. Phys., 114(11):5082{5096, mar 2001.
[33] John J. Portman, Shoji Takada, and Peter G. Wolynes. Microscopic theory
of protein folding rates. I. Fine structure of the free energy prole and folding
routes from a variational approach. J. Chem. Phys., 114(11):5069{5081, mar
2001.
[34] Taras V Pogorelov and Zaida Luthey-Schulten. Variations in the fast folding
rates of the lambda-repressor: a hybrid molecular dynamics study. Biophys.
J., 87(1):207{214, jul 2004.
[35] Lucy R. Allen, Sergei V. Krivov, and Emanuele Paci. Analysis of the free-
energy surface of proteins from reversible folding simulations. PLoS Comput.
Biol., 5(7):e1000428, jul 2009.
[36] Edgar Larios, Jed W. Pitera, William C. Swope, and Martin Gruebele. Cor-
relation of early orientational ordering of engineered f6-85g structure with
kinetics and thermodynamics. Chem. Phys., 323(1):45{53, mar 2006.
[37] Gregory R. Bowman, Vincent A. Voelz, and Vijay S. Pande. Atomistic fold-
ing simulations of the ve-helix bundle protein (6-85). J. Am. Chem. Soc.,
133(4):664{667, feb 2011.
[38] Maxim B. Prigozhin and Martin Gruebele. The Fast and the Slow: Folding
and Trapping of (6-85). J. Am. Chem. Soc., 133(48):19338{19341, dec 2011.
[39] Pooja Malhotra and Jayant B Udgaonkar. Tuning Cooperativity on the Free
Energy Landscape of Protein Folding. Biochemistry, 54(22):3431{3441, jun
2015.
[40] Jerey K. Myers and Terrence G. Oas. Contribution of a buried hydrogen
bond to lambda repressor folding kinetics. Biochemistry, 38(21):6761{8, may
1999.
[41] Feng Liu, Yi Gui Gao, and Martin Gruebele. A Survey of Lambda Repressor
Fragments from Two-State to Downhill Folding. J. Mol. Biol., 397(3):789{798,
apr 2010.
[42] Wookyung Yu, Michael C. Baxa, Isabelle Gagnon, Karl F. Freed, and Tobin R.
Sosnick. Cooperative folding near the downhill limit determined with amino
acid resolution by hydrogen exchange. Proc. Natl. Acad. Sci., 113(17):4747{
4752, apr 2016.
108
Bibliography
[43] Benjamin A. Shoemaker, Jin Wang, and Peter G. Wolynes. Exploring struc-
tures in protein folding funnels with free energy functionals: the transition
state ensemble. J. Mol. Biol., 287(3):675{694, apr 1999.
[44] Aashish N. Adhikari, Karl F. Freed, and Tobin R. Sosnick. Simplied pro-
tein models: Predicting folding pathways and structure using amino acid se-
quences. Phys. Rev. Lett., 111(2):028103, jul 2013.
[45] Aashish N Adhikari, Karl F Freed, and Tobin R Sosnick. De novo prediction
of protein folding pathways and structure using the principle of sequential
stabilization. Proc. Natl. Acad. Sci. U. S. A., 109(43):17442{7, oct 2012.
[46] Takuhiro Otosu, Kunihiko Ishii, Hiroyuki Oikawa, Munehito Arai, Satoshi
Takahashi, and Tahei Tahara. Highly Heterogeneous Nature of the Na-
tive and Unfolded States of the B Domain of Protein A Revealed by Two-
Dimensional Fluorescence Lifetime Correlation Spectroscopy. J. Phys. Chem.
B, 121(22):5463{5473, jun 2017.
[47] Hoi Sung Chung and William A. Eaton. Single-molecule uorescence probes
dynamics of barrier crossing. Nature, 502(7473):685{688, oct 2013.
[48] Krishna Neupane, Daniel A. N. Foster, Derek R. Dee, Hao Yu, Feng Wang,
and Michael T. Woodside. Direct observation of transition paths during the
folding of proteins and nucleic acids. Science, 352(6282):239{42, apr 2016.
[49] Krishna Neupane, Feng Wang, and Michael T Woodside. Direct measurement
of sequence-dependent transition path times and conformational diusion in
DNA duplex formation. Proc. Natl. Acad. Sci., 114(6):1329{1334, feb 2017.
[50] Jorg Schonfelder, Raul Perez-Jimenez, and Victor Mu~noz. A simple two-state
protein unfolds mechanically via multiple heterogeneous pathways at single-
molecule resolution. Nat. Commun., 7:11777, jun 2016.
[51] Benjamin Schuler, Andrea Soranno, Hagen Hofmann, and Daniel Nettels.
Single-Molecule FRET Spectroscopy and the Polymer Physics of Unfolded
and Intrinsically Disordered Proteins. Annu. Rev. Biophys., 45(1):207{231,
jul 2016.
[52] Derek R. Dee and Michael T. Woodside. Comparing the energy landscapes
for native folding and aggregation of PrP. Prion, 10(3):207{220, may 2016.
[53] Armin Homann and Michael T Woodside. Signal-Pair Correlation Analysis
of Single-Molecule Trajectories. Angew. Chemie Int. Ed., 50(52):12643{12646,
dec 2011.
109
Bibliography
[54] Gabriel Zoldak, Johannes Stigler, Benjamin Pelz, Hongbin Li, and Matthias
Rief. Ultrafast folding kinetics and cooperativity of villin headpiece in single-
molecule force spectroscopy. Proc. Natl. Acad. Sci. U. S. A., 110(45):18156{61,
nov 2013.
[55] Hu Zhang and Kuo-Kang Liu. Optical tweezers for single cells. J. R. Soc.
Interface, 5(24):671{90, jul 2008.
[56] Min-Cheng Zhong, Xun-Bin Wei, Jin-Hua Zhou, Zi-Qiang Wang, and Yin-
Mei Li. Trapping red blood cells in living animals using optical tweezers. Nat.
Commun., 4:1768, apr 2013.
[57] Michael T Woodside, Peter C Anthony, William M Behnke-Parks, Kevan
Larizadeh, Daniel Herschlag, and Steven M Block. Direct measurement of
the full, sequence-dependent folding landscape of a nucleic acid. Science,
314(5801):1001{4, nov 2006.
[58] Johannes Stigler, Fabian Ziegler, Anja Gieseke, J Christof M Gebhardt, and
Matthias Rief. The complex folding network of single calmodulin molecules.
Science, 334(6055):512{6, oct 2011.
[59] Michelle D Wang, Hong Yin, Robert Landick, Je Gelles, and Steven M Block.
Stretching DNA with optical tweezers. Biophys. J., 72(3):1335{46, mar 1997.
[60] Zsolt Martonfalvi, Pasquale Bianco, Marco Linari, Marco Caremani, Attila
Nagy, Vincenzo Lombardi, and Miklos Kellermayer. Low-force transitions in
single titin molecules reect a memory of contractile history. J. Cell Sci.,
127(4):858{870, feb 2014.
[61] Thomas T Perkins. Angstrom-Precision Optical Traps and Applications*.
Annu. Rev. Biophys., 43(1):279{302, may 2014.
[62] Simon F. Tolic-Norrelykke, Erik Schaer, Jonathon Howard, Francesco S.
Pavone, Frank Julicher, and Henrik Flyvbjerg. Calibration of optical tweez-
ers with positional detection in the back focal plane. Rev. Sci. Instrum.,
77(10):103101, oct 2006.
[63] Jerey R Mott, Yann R Chemla, David Izhaky, and Carlos Bustamante.
Dierential detection of dual traps improves the spatial resolution of optical
tweezers. Proc. Natl. Acad. Sci. U. S. A., 103(24):9006{11, jun 2006.
[64] Michael Schlierf, Hongbin Li, and Julio M Fernandez. The unfolding kinetics
of ubiquitin captured with single-molecule force-clamp techniques. Proc. Natl.
Acad. Sci. U. S. A., 101(19):7299{304, may 2004.
110
Bibliography
[65] Michael Schlierf and Matthias Rief. Surprising simplicity in the single-molecule
folding mechanics of proteins. Angew. Chem. Int. Ed. Engl., 48(4):820{2, jan
2009.
[66] S. H. Chung and R. A. Kennedy. Forward-backward non-linear ltering tech-
nique for extracting small biological signals from noise. J. Neurosci. Methods,
40(1):71{86, nov 1991.
[67] Ciro Cecconi, Elizabeth A Shank, Carlos Bustamante, and Susan Marqusee.
Direct observation of the three-state folding of a single protein molecule. Sci-
ence, 309(5743):2057{60, oct 2005.
[68] Hendrik Dietz and Matthias Rief. Exploring the energy landscape of
GFP by single-molecule mechanical experiments. Proc. Natl. Acad. Sci.,
101(46):16192{16197, nov 2004.
[69] Michael Schlierf, Felix Berkemeier, and Matthias Rief. Direct observa-
tion of active protein folding using lock-in force spectroscopy. Biophys. J.,
93(11):3989{98, dec 2007.
[70] G I Bell. Models for the specic adhesion of cells to cells. Science,
200(4342):618{27, may 1978.
[71] J Christof M Gebhardt, Thomas Bornschlogl, and Matthias Rief. Full distance-
resolved folding energy landscape of one single protein molecule. Proc. Natl.
Acad. Sci. U. S. A., 107(5):2013{8, feb 2010.
[72] Ann Mukhortava and Michael Schlierf. Ecient Formation of Site-Specic
ProteinDNA Hybrids Using Copper-Free Click Chemistry. Bioconjug. Chem.,
27(7):1559{1563, jul 2016.
[73] Yuhe R Yang, Yan Liu, and Hao Yan. DNA Nanostructures as Programmable
Biomolecular Scaolds. Bioconjug. Chem., 26(8):1381{95, aug 2015.
[74] Hendrik Dietz, Morten Bertz, Michael Schlierf, Felix Berkemeier, Thomas
Bornschlogl, Jan Philipp Junker, and Matthias Rief. Cysteine engineering
of polyproteins for single-molecule force spectroscopy. Nat. Protoc., 1(1):80{4,
jan 2006.
[75] Ciro Cecconi, Elizabeth A Shank, Frederick W Dahlquist, Susan Marqusee,
and Carlos Bustamante. Protein-DNA chimeras for single molecule mechanical
folding studies with the optical tweezers. Eur. Biophys. J., 37(6):729{738, jul
2008.
111
Bibliography
[76] Anna Alemany, Blanca Rey-Serra, Silvia Frutos, Ciro Cecconi, and Felix Ri-
tort. Mechanical Folding and Unfolding of Protein Barnase at the Single-
Molecule Level. Biophys. J., 110(1):63{74, jan 2016.
[77] Greg T. Hermanson. Homobifunctional Crosslinkers. In Bioconjugate Tech.,
pages 275{298. Elsevier, 2013.
[78] S. Matsui and H. Aida. Hydrolysis of some N-alkylmaleimides. J. Chem. Soc.
Perkin Trans. 2, (12):1277, jan 1978.
[79] Christian Decker and Catherine Bianchi. Photocrosslinking of a maleimide
functionalized polymethacrylate. Polym. Int., 52(5):722{732, may 2003.
[80] Markus Jahn, Alexandra Rehn, Benjamin Pelz, Bjorn Hellenkamp, Klaus
Richter, Matthias Rief, Johannes Buchner, and Thorsten Hugel. The charged
linker of the molecular chaperone Hsp90 modulates domain contacts and bio-
logical function. Proc. Natl. Acad. Sci. U. S. A., 111(50):17881{6, dec 2014.
[81] Jan C M van Hest and Floris L van Delft. Protein modication by strain-
promoted alkyne-azide cycloaddition. Chembiochem, 12(9):1309{12, jun 2011.
[82] Zeynep Okten, L Stirling Churchman, Ronald S Rock, and James A Spu-
dich. Myosin VI walks hand-over-hand along actin. Nat. Struct. Mol. Biol.,
11(9):884{7, sep 2004.
[83] Saadyah E Averick, Eduardo Paredes, Debasish Grahacharya, Bradley F
Woodman, Shigeki J Miyake-Stoner, Ryan A Mehl, Krzysztof Matyjaszewski,
and Subha R Das. A protein-polymer hybrid mediated by DNA. Langmuir,
28(4):1954{8, jan 2012.
[84] Kim Wals and Huib Ovaa. Unnatural amino acid incorporation in E. coli:
current and future applications in the design of therapeutic proteins. Front.
Chem., 2:15, jan 2014.
[85] Marc J Lajoie, Alexis J Rovner, Daniel B Goodman, Hans-Rudolf Aerni,
Adrian D Haimovich, Gleb Kuznetsov, Jaron A Mercer, Harris H Wang, Pe-
ter A Carr, Joshua A Mosberg, Nadin Rohland, Peter G Schultz, Joseph M
Jacobson, Jesse Rinehart, George M Church, and Farren J Isaacs. Genomically
recoded organisms expand biological functions. Science, 342(6156):357{60, oct
2013.
[86] Petur O Heidarsson, Immanuel Valpapuram, Carlo Camilloni, Alberto Im-
parato, Guido Tiana, Flemming M Poulsen, Birthe B Kragelund, and Ciro
Cecconi. A Highly Compliant Protein Native State with a Spontaneous-like
112
Bibliography
Mechanical Unfolding Pathway. J. Am. Chem. Soc., 134(41):17068{17075, oct
2012.
[87] Elizabeth A Shank, Ciro Cecconi, Jesse W Dill, Susan Marqusee, and Carlos
Bustamante. The folding cooperativity of a protein is controlled by its chain
topology. Nature, 465(7298):637{40, jun 2010.
[88] Randall E. Burton, Guewha S. Huang, Margaret A. Daugherty, Tiany L.
Calderone, and Terrence G. Oas. The energy landscape of a fast-folding protein
mapped by Ala{>Gly substitutions. Nat. Struct. Biol., 4(4):305{10, apr 1997.
[89] Jianwei Liu, Luis A. Campos, Michele Cerminara, Xiang Wang, Ravishankar
Ramanathan, Douglas S. English, and V. Munoz. Exploring one-state downhill
protein folding in single molecules. Proc. Nat. Acad. Sci. USA, 109(1):179{184,
jan 2012.
[90] Irina V Gopich, Daniel Nettels, Benjamin Schuler, and Attila Szabo. Protein
dynamics from single-molecule uorescence intensity correlation functions. J.
Chem. Phys., 131(9):095102, sep 2009.
[91] Michael Schlierf and Matthias Rief. Single-molecule unfolding force distribu-
tions reveal a funnel-shaped energy landscape. Biophys. J., 90(4):L33{5, feb
2006.
[92] David C. Kombo, Matthew A. Young, and David L. Beveridge. One nanosec-
ond molecular dynamics simulation of the N-terminal domain of the  repressor
protein. Biopolymers, 53(7):596{605, jun 2000.
[93] Martin Volk, Lilia Milanesi, Jonathan P Waltho, Christopher A Hunter, and
Godfrey S Beddard. The roughness of the protein energy landscape results in
anomalous diusion of the polypeptide backbone. Phys. Chem. Chem. Phys.,
17(2):762{782, 2015.
[94] Beatrice Ramm, Johannes Stigler, Michael Hinczewski, D. Thirumalai, Har-
ald Herrmann, Gunther Woehlke, and Matthias Rief. Sequence-resolved free
energy proles of stress-bearing vimentin intermediate laments. Proc. Natl.
Acad. Sci. U. S. A., 111(31):11359{64, aug 2014.
[95] J Alejandro D'Aquino, Javier Gomez, Vincent J Hilser, Kon Ho Lee, L Mario
Amzel, and Ernesto Freire. The magnitude of the backbone conformational
entropy change in protein folding. Proteins Struct. Funct. Genet., 25(2):143{
156, jun 1996.
113
Bibliography
[96] Trevor P. Creamer and George D. Rose. -Helix-forming propensities in pep-
tides and proteins. Proteins Struct. Funct. Genet., 19(2):85{97, jun 1994.
[97] Peng Li, Fabiana Y Oliva, Athi N Naganathan, and Victor Mu~noz. Dynam-
ics of one-state downhill protein folding. Proc. Natl. Acad. Sci. U. S. A.,
106(1):103{8, jan 2009.
[98] Maxim B. Prigozhin, Shu-Han Chao, Shahar Sukenik, Taras V. Pogorelov, and
Martin Gruebele. Mapping fast protein folding with multiple-site uorescent
probes. Proc. Natl. Acad. Sci., 112(26):201422683, jun 2015.
[99] Wei Yuan Yang and Martin Gruebele. Detection-dependent kinetics as a probe
of folding landscape microstructure. J. Am. Chem. Soc., 126(25):7758{7759,
jun 2004.
[100] Stephen J. DeCamp, Athi N. Naganathan, Steven A. Waldauer, Olgica Baka-
jin, and Lisa J. Lapidus. Direct Observation of Downhill Folding of -Repressor
in a Microuidic Mixer. Biophys. J., 97(6):1772{1777, sep 2009.
[101] David De Sancho and Victor Mu~noz. Integrated prediction of protein folding
and unfolding rates from only size and structural class. Phys. Chem. Chem.
Phys., 13(38):17030, oct 2011.
[102] Katherine Henzler-Wildman and Dorothee Kern. Dynamic personalities of
proteins. Nature, 450(7172):964{972, dec 2007.
[103] Guanghong Wei, Wenhui Xi, Ruth Nussinov, and Buyong Ma. Protein Ensem-
bles: How Does Nature Harness Thermodynamic Fluctuations for Life? The
Diverse Functional Roles of Conformational Ensembles in the Cell. Chem.
Rev., 116(11):6516{6551, jun 2016.
[104] Andrey Karshiko, Lennart Nilsson, and Rudolf Ladenstein. Rigidity versus
exibility: the dilemma of understanding protein thermal stability. FEBS J.,
282(20):3899{3917, oct 2015.
[105] Yanxin Liu, Maxim B. Prigozhin, Klaus Schulten, and Martin Gruebele. Ob-
servation of Complete Pressure-Jump Protein Refolding in Molecular Dynam-
ics Simulation and Experiment. J. Am. Chem. Soc., 136(11):4265{4272, mar
2014.
[106] Jacqueline Caillet and Pierre Claverie. Theoretical evaluations of the inter-
molecular interaction energy of a crystal: application to the analysis of crystal
geometry. Acta Crystallogr. Sect. A, 31(4):448{461, jul 1975.
114
Bibliography
[107] Alan R. Fersht. The hydrogen bond in molecular recognition. Trends Biochem.
Sci., 12(C):301{304, jan 1987.
[108] Amnon Horovitz, Luis Serrano, Boaz Avron, Mark Bycroft, and Alan R. Fer-
sht. Strength and co-operativity of contributions to surface salt bridges to
protein stability. J. Mol. Biol., 216(4):1031{1044, dec 1990.
[109] Luis Serrano, Mark Bycroft, and Alan R Fersht. Aromatic-aromatic interac-
tions and protein stability. J. Mol. Biol., 218(2):465{475, mar 1991.
[110] Maxim B Prigozhin, Krishnarjun Sarkar, Dennis Law, William C Swope, Mar-
tin Gruebele, and Jed Pitera. Reducing lambda repressor to the core. J. Phys.
Chem. B, 115(9):2090{6, mar 2011.
[111] Kyung Suk Lee, Amanda B. Marciel, Alexander G. Kozlov, Charles M.
Schroeder, Timothy M. Lohman, and Taekjip Ha. Ultrafast redistribution
of E. coli SSB along Long single-stranded DNA via intersegment transfer. J.
Mol. Biol., 426(13):2413{2421, jun 2014.
[112] Dustin B Ritchie and Michael T Woodside. Probing the structural dynamics
of proteins and nucleic acids with optical tweezers. Curr. Opin. Struct. Biol.,
34:43{51, oct 2015.
[113] Iddo Heller, Tjalle P. Hoekstra, Graeme A. King, Erwin J. G. Peterman, and
Gijs J. L. Wuite. Optical tweezers analysis of DNA-protein complexes. Chem.
Rev., 114(6):3087{119, mar 2014.
[114] Qingjia Chi, Guixue Wang, and Jiahuan Jiang. The persistence length and
length per base of single-stranded DNA obtained from uorescence correlation
spectroscopy measurements using mean eld theory. Phys. A Stat. Mech. its
Appl., 392(5):1072{1079, mar 2013.
[115] Michael T Woodside, William M Behnke-Parks, Kevan Larizadeh, Kevin
Travers, Daniel Herschlag, and Steven M Block. Nanomechanical measure-
ments of the sequence-dependent folding landscapes of single nucleic acid hair-
pins. Proc. Natl. Acad. Sci. U. S. A., 103(16):6190{5, apr 2006.
[116] Nicholas R. Markham and Michael Zuker. DINAMelt web server for nucleic
acid melting prediction. Nucleic Acids Res., 33(Web Server):W577{W581, jul
2005.
[117] Nicholas R. Markham and Michael Zuker. UNAFold: software for nucleic acid
folding and hybridization. In Bioinforma. Struct. Funct. Appl., pages 3{31.
2008.
115
Bibliography
[118] M Victoria Francia, Juan C Zabala, F de la Cruz, and Juan M Garca Lobo.
The IntI1 integron integrase preferentially binds single-stranded DNA of the
attC site. J. Bacteriol., 181(21):6844{9, nov 1999.
[119] Nigel D.F. Grindley, Katrine L. Whiteson, and Phoebe A. Rice. Mechanisms of
Site-Specic Recombination. Annu. Rev. Biochem., 75(1):567{605, jun 2006.
[120] Aleksandra Nivina, Jose Antonio Escudero, Claire Vit, Didier Mazel, and
Celine Loot. Eciency of integron cassette insertion in correct orientation is
ensured by the interplay of the three unpaired features of attC recombination
sites. Nucleic Acids Res., 44(16):7792{7803, sep 2016.
116
Acknowledgement
I would like to thank all the people who contributed in some way to the work
described in this thesis.
At rst, I would like to express my sincere gratitude to my advisor Prof. Dr. Michael
Schlierf for giving me the opportunity to do my PhD in his group. I am extremely
thankful for his respect, motivation and continuous support { all that helped me
to successfully overcome times of diculties and troubles. From day one on, he let
me take my own decisions and was always there when I needed help or wanted to
discuss something. I am thankful for the trust he put into me from the rst day
on { it served as a stable basis and an energy source for me to tackle everyday
challenges and to develop myself in dierent ways. I am also grateful for all the
long discussions, many great ideas, the encouragement and fun during my time in
his lab.
I sincerely enjoyed working in the Schlierf group and I would like to thank every
member for their support. I want to thank Kristin Wogan and Kristin Hunold for
constant caring about the cleanliness of wet-lab and presence of all equipment and
materials needed. I am very thankful for being always ready to help and organised
{ the girls one could easily rely on. I would like to thank Andreas Hartmann for
sharing his physics point-of-view on various biological processes and for his imme-
diate help with the complicated MATLAB codes for data analysis I needed. A big
thanks goes to Svea Grieb, for being always available for discussions (both, scientic
and life-related) and her honest feedback on any topic. I thank Christiane Jung-
nickel for being extremely friendly and introducing me to German culture, for her
inexhaustible energy and wish to organize lots of group events and group-related
activities. I also thank Georg Krainer for scientic discussions, his great advices
and his hands-on help with biochemistry. Martine Ruer { for being sympathetic
and creating relaxing atmosphere in the lab. I want to thank Hsin-Mei Cheng
for being a nice chat-mate. I am grateful for Philip Grogers constant availability
for programming- and Illustrator-related questions, for his optical-tweezers-related
artwork and animations, and for his incredible humour. I am very thankful that
Matthias Poge made my job as a supervisor of his master thesis easy and enjoy-
able by working autonomously, hard and always thinking of crucial details. Apart
117
from that, I thank Matthias for bringing a little crazy (in the best sense) spirits
to the lab, constant supplying the lab with cookies and chocolate, and making me
smile. Finally, I want to thank all master students that went through our lab, for
bringing joy, laugh and \fresh blood": Lisa, Frederic, Varsha, Antoine, Pablo, Abhi,
Anastasiia and Simon.
I thank many people for spending their precious time proof reading this the-
sis: Michael Schlierf, Andreas Hartmann, Neharika Chamachi, Philip Groger and
Dmytro Inosov.
A big \thank you" goes to the B CUBE assistants Ariane Dimitrov, Katja Dornig
and Barbara Lindemann for taking away all bureaucracy-related stress from my
shoulders and getting all the necessary paper work done.
Last but denitely not least, I want to thank people on a more personal note.
A great thank for the most exciting adventures during these ve years goes to my
dearest university friends Anna, Olga and Andrew. A \thank you" goes to Dmytro
Inosov for showing me the amazing, unique places I haven't heard of before. I want
to thank my dearest dance partner Felix Ruhnow who supported my crazy idea
to learn swing dancing and enjoyed practising dancing with me. I am incredibly
grateful for having great friends that I can always count on.
Finally, I want to thank to my parents. Without their pure love and constant
support, I wouldnt have managed to do it all. Thanks, Dad, for physics-related
fairy-tails during my childhood that had awaken my interest in the world around.
Thanks, Mom, for having innite understanding spirit and patience and for believing
in me.
Declaration
Erklarung entsprechend §5.5 der Promotionsordnung
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulassige Hilfe
Dritter und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt
habe; die aus fremden Quellen direkt oder indirekt ebernommenen Gedanken sind
als solche kenntlich gemacht. Die Arbeit wurde bisher weder im Inland noch im
Ausland in gleicher oder ahnlicher Form einer anderen Prufungsbehrde vorgelegt.
Die Dissertation wurde im Zeitraum vom 01.02.2012 bis 30.06.2017 verfasst und
von Prof. Dr. Michael Schlierf, B CUBE { Center for Molecular Bioengineering,
Technische Universitat Dresden, betreut.
Meine Person betreend erklare ich hiermit, dass keine fruheren erfolglosen Pro-
motionsverfahren stattgefunden haben.
Ich erkenne die Promotionsordnung der Fakultat fur Mathematik und Natur-wissen
schaften, Technische Universitat Dresden an.
|||||||||{ ||||||||||||-
Date Signature

